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ABSTRACT
PART ONE. DETERMINATION OF MANGANESE IN SWEAT AND URINE.
A m e t h o d  has b e e n  d e v e l o p e d  for the d i r e c t  
determination of manganese in perspiration using graphite 
furnace atomic absorption spectroscopy. This method 
was applied to a study of manganese concentrations in 
perspiration and urine samples.
Concentrations of manganese found in sweat were 
significantly higher than the concentrations in urine.
Determination of the chemical form of manganese in 
sweat was attempted. Analysis of sweat using anodic 
stripping v o l t a m m e t r y  strongly indicated that the 
manganese was organically bound. In addition the potential 
of interfacing liquid chromatography and inductively 
coupled plasma emission spectroscopy for the speciation of 
metal complexes was shown.
PART TWO. EFFECTS OF ALUMINUM AND DECAYING VEGETATION ON 
AQUATIC LIFE EXPOSED TO ACIDITY.
Acid rain is a pollutant that can kill fish and other 
form of aquatic life. At pH 7.0 the fish survived 
irrespective of the aluminum concentration. However, at pH 
5.0 and 4.5 the presence of aluminum increased toxicity.
The decomposition products of leaves had several 
modifying effects on the toxicity of pH and aluminum.
xix
Decaying leaves increased the pH of water from 4.5 to 
about 6, which is considered to be a safe pH for fish 
survival. In addition, the buffer capacity of the waters 
increased significantly.
A method for the speciation of aluminum in freshwater 
was developed using Chelex-100. This method allowed the 
determination of ionic forms and organically complexed 
forms of aluminum. This method was applied to the study 
of aluminum in leafwater. The degree of complexation 
varied with the leaf species and the concentration of the 
decomposition products.
Furthermore, the effect of leaf d e c o m p o s i t i o n  
products on the toxicity of aluminum was investigated at 
pH 4.5 and 5.0. Leafwater had no effect of the toxicity 
of 100 ppm aluminum and pH 4.5. However, leafwater was 
observed to mitigate the toxic synergistic effect of 
aluminum at pH 5.0. The toxic effect of aluminum on fish 
was s i g n i f i c a n t l y  d ecreased p r e s u m a b l y  because the 
decomposition products complexed the aluminum creating a 
non-toxic form.
This work has provided a basis for further study and 
may lead to the formulation of a natural buffering or 
complexing agent capable of providing protection to our 
lakes and waterways.
xx
PART ONE
DETERMINATION OF MANGANESE IN SWEAT AND URINE
1
GENERAL INTRODUCTION 
MANGANESE IN THE ENVIRONMENT
Physical and Chemical Properties
Manganese is a hard, brittle metal frequently found 
in nature in conjunction with iron ores. Manganese has a 
melting point of 1245°C and a boiling point of 2097°C 1. 
The density of manganese at 20°C varies from 7.18 g/cc for 
the gamma variety to 7.44 g/cc for alpha manganese1. The 
outer electron configuration of manganese is 4s2 3d10. 
Manganese can exist in oxidation states of 1,2,3,4,6, and 
7, although it most commonly exists as a divalent salt or 
as the stable dioxide, m a n g a n e s e  dioxide ( M n 0 2 )2 . 
Manganese metal readily oxidizes in air and rusts in moist 
air. Furthermore, manganese decomposes water to form 
manganous hydroxide [Mn(OH)2 J and hydrogen gas. Manganese 
also dissolves in dilute mineral acids to yield hydrogen 
and its divalent salts2.
Uses of Manganese
Since its discovery in 1774 by the Swedish chemist 
Scheele, manganese has been found to be essential to both 
plant and animal life as well as vital to various 
industries3. No important developments concerning the use 
of manganese in the steel industry occurred until about 
1839 when Heath used manganese in making crucible steels1. 
The use of ferromanganese (8035 manganese-iron alloy) as an 
additive t o .counteract the effects of sulfur in steel was
3patented by William Siemens. In 1888, Robert Hadfield 
disclosed the discovery of the high-manganese steel that 
still bears his name.3
One of the most important compounds of manganese 
is potassium permanganate (KMnO,^) which is used as an 
oxidizing agent in bleach and disinfectant. More recently 
manganese has found widespread use in the manufacture of 
batteries and has replaced lead as a gasoline additive4.
U. S. demand is so great that the use of manganese in 
the Unites States far exceeds the domestic production of 
ore. Thus 90^ of the manganese used in this country is 
imported3 .
Occurrence
Manganese is widely distributed in the earth's crust 
and ranks twelfth in abundance. It is found in the United 
States in association with iron ores in concentrations to 
low to make its commercial recovery attractive.
Tea is exceptionally rich in manganese (150-900 ppm) 
and about one-third of the manganese compounds in tea are 
soluble in hot water. No other ordinary item in the diet 
except blueberries approaches tea in manganese content®. 
Other sources of manganese in the diet include nuts, 
cereals, green leafy vegetables, and fruits. However, the 
manganese contents of these products is greatly dependent 
on the type of soil in which they were grown. Thus crops 
g r o w n  in a c i d  s o i l s  g e n e r a l l y  c o n t a i n  h i g h e r
concentrations of manganese than the same crops grown in 
neutral or alkaline soils6 . The manganese contents of 
cereal grains is greatly reduced when these grains are 
refined, thus the widespread use of refined cereal grains 
coupled with the poor adsorption of dietary manganese may 
contribute to a deficiency of this trace element in man.
Manganese M etabolism
Manganese metabolism is similar to that of iron. It 
is absorbed s l o w l y  in the small intestine and the 
unabsorbed portion.is excreted. The absorbed portion (2 
to 3fc) is transported through the blood (by transmangan) 
and is stored mainly in the kidneys6. Manganese absorption 
and excretion depends upon the formation of natural 
chelates. Manganese is excreted mainly in the feces, via 
the bile6. The biological half-life has been shown to be 2 
to 5 weeks depending on the body stores^.
The presence of manganese in biological material was 
first demonstrated by Scheele in 17863 . However, an 
interest in the biological role of manganese did not begin 
until 1897, when Bertrand and co-workers showed that 
manganese occurs constantly in the tissues and organs of 
plants and animals. They also showed that manganese 
occurs in plant tissue in much higher concentrations than 
in animal tissues®. The presence of manganese in animal 
tissues led to a number of attempts to determine an 
essential function for this element.
Manganese Reguirements
A healthy person excretes approximately 4 mg of 
manganese per day which needs to be replaced daily 
in the diet5 .
Research has shown that manganese is required for bone 
g r o w t h  and development, reproduction, and lipid 
metabolism. It serves as an activator of such enzymes as 
argenase and peptidases and is required for glucose 
metabolism and oxidative phosphorylation6. Manganese has a 
beneficial effect on lipid metabolism, particularly in 
cases of atherosclerosis.
Manganese Deficiency
Symptoms of manganese deficiency are similar in all 
mammals and are characterized by reduced growth, defective 
bone structure, and decreased reproductive performance5. 
Manganese deficiency may be common in older males, 
although no studies have clearly demonstrated a true 
deficiency of this trace metal in m an6. A study by L. G. 
Kosenko in 1964 implicated manganese deficiency after an 
examination of 122 diabetics. He found that the manganese 
content of whole ashed blood was approximately half that 
of normal control subjects6. Manganese deficiency may be 
the cause of atherosclerosis and may produce abnormalities 
in the pancreatic secretion of insulin, resulting in a 
diabetic condition.
The enzymes which manganese activates are necessary
for the utilization of vitamin C, choline, bioten, and 
thiamin. Without the ability to use choline, the body 
underproduces acetylcholine, a neurotransmitter in the 
brain. Various conditions may result from this 
deficiency, one of them being myasthenia gravis6. Normally 
high manganese concentrations are found in human basal 
ganglia where the ion is believed somehow to stimulate 
acetycholine storage or activity.
Manganese has also been used in the treatment of 
sc h izophrenic patients, who have developed tardive 
d y s k i n e s i a  w h i l e  on l a r g e  d o s e s  of a n t i ­
schizophrenic medicines. At present, researchers do not 
know why a deficiency of manganese results in Parkinson- 
like diseases6.
The most dramatic manganese deficiency occurs in 
young chicks. This deficiency is known as "perosis" and 
is characterized by gross enlargement and malformation of 
the leg joints and thickening and shortening of the leg 
bones. Manganese deficiency also results in reduced egg 
production and an increase in thin-shelled and shell-less 
eggs. In the offspring, the otoliths of the inner ear are 
defective or absent®.
TOXICITY OF MANGANESE
All animal species exhibit a high tolerance to 
soluble, bivalent manganese salts. As much as 3.5 grams 
of manganese citrate have been fed daily to pigs for nine
months without the appearance of any toxic symptoms10. The 
same results have been found with other animals such as 
rats and hens11.
Manganese poisoning in humans has been reported in 
industries where manganese-containing dust may be inhaled. 
Symptoms are similar to those of Parkinson's disease and 
include tremor, muscular rigidity, irritability, and 
impotence®.
At present, researchers do not know why either a 
deficiency or an elevated level of this trace element 
r e s u l t  in s y m p t o m s  of P a r k i n s o n ' s  d i s e a s e .  
LOSS OF TRACE METALS IN PERSPIRATION AND URINE
Excretion of trace metals in perspiration or urine 
can be of importance in the balance of elements in the 
human body. The loss of essential trace elements through 
perspiration and urine can be a factor in nutrition 
studies. Excretion of toxic metals plays a role in 
toxicity effects. Research has suggested that such 
excretion is a means of removing non-essential components 
from the body12. Iodine, bromine, silver, mercury, and 
other pharmacological substances administered can be 
discharged in this manner13. The secretion by the sweat 
glands is far greater than the secretions of most other 
larger glands; for example, typical sweat glands weighing 
a total of 40 g secrete 3-10 kg of fluid/day compared to 
typical saliva glands, which weigh 70 g and secrete 1.5 kg
saliva/day13. A portion of normal human perspiration is 
insensible and does not involve the sweat glands, thus 
lass of trace substances in sweat is possibly more 
significant than generally believed13. Little research 
has been published on the concentration of metals in human 
perspiration.
Sensible and Insensible Sweating
Normal human perspiration consists of sensible and 
insensible sweating13. Sensible sweating is that which 
can be felt by the subject. Insensible sweating is that 
elimination of moisture which occurs without the knowledge 
or awareness of the subject.
Insensible sweating includes elimination through
respiration and through the skin. The mechanisms for
these pathways differ, but both are known to be influenced
by factors such as body size, metabolic activity, and
atmospheric conditions13. Total insensible perspiration
has been estimated at 6-19 g/hr, depending on the volume
1 0respired and the humidity-1 .
Cutaneous insensible perspiration varies with the 
region of the body1 .^ The palms and soles of the feet are
5-20 times more active in this form of sweating than the 
general body surface. One type of insensible sweating, 
thermal sweating, occurs over the general body surface 
with the exception of the palms and soles. The other 
type, mental {or emotional) sweating, occurs, primarily at
the palms and soles. The composition of sweat is thought
to vary depending on the region of the body producing 
it12,13 t
M echanisms of Sweat Excretion
Sensible and insensible perspiration are known to 
differ in their mechanism of excretion. Insensible 
perspiration does not involve the sweat glands to any 
great extent. In the skin, the epidermis is supplied with 
moisture from the blood vessels. Insensible perspiration 
consists of the evaporation of moisture through the skin.
In contrast, sensible perspiration is always a result 
of the secretion of the sweat glands*'* and is excreted 
from two types of sweat glands. The more numerous type, 
the eccrine glands, are distributed all over the body and 
secrete a dilute fluid with low concentrations of many 
substances. The less common apocrine glands are found in 
association with hair follicles in a few restricted areas 
of the body. The s e cretion of the apocrine glands 
contains many organic substances which are dependent on 
gland type and individuals. Apocrine glands are activated 
by intense pain or fear13.
Composition of Sweat
Eccrine sweat, a clear aqueous solution, is generally 
9 9.0-99.53S water and 0.5-1.0S5 solids which are about half 
organic and half inorganic14. Some common trace metals 
found in normal human sweat are listed in Table 1. Most
of what is known about the chemical composition of sweat 
comes from analysis of sweat secreted onto the skin. The 
composition of sweat as it is formed in the coil of the 
gland remains largely unknown, but it is believed to be 
isotonic with plasma^'^^. Variable reabsorption has been 
postulated to occur in the gland duct because excreted 
sweat contains substances whose concentrations are higher 
and lower than that in plasma13' 17. The composition of 
insensible sweat is not known but could be expected to 
differ from sensible sweat.
Sweat obtained during more profuse perspiration was 
originally thought to contain only the excretion from the 
sweat glands. However, studies have shown that sweat 
excreted during the initial stages of perspi r a t i o n  
contains secretions from the sweat glands and contaminants 
from skin tissue13.
Composition of Urine
The elemental composition of urine reflects the 
performance of the kidneys in regulating the electrolyte 
and water metabolism of the body. Research in this field 
has shown that each mode of excretion deals specifically 
with certain waste products: urine removes most of the Na, 
Cl, F, P, As, K, Rb, Ca, Mg, Co, Br etc., whereas the 
intestine eliminates most of the Mn, Cu, Zn 5 . The 
composition of normal urine is shown in Table 215.
A survey of the values reported in the literature for
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TABLE 1
ESTIMATED LOSSES OF TRACE METALS IN SWEAT13'17
Element Loss (mg/day)
Cr 0.059
Mn 0.097
Fe 0.5
Co 0.017
Cu 1.59
Cd 0.120
Zn 5.08
Se 0.34
Sr 0.96
Mo 0.061
Ni 0.083
Pb 0.256
Hg 0.0009
Hg 1.5 31
Sb 0.011
Sn 2.23
A1 6.13
Ti 0.001
Nb 0.003
TABLE 2
SELECTED CONSTITUENTS OF 24-HOUR URINE 
IN A NORMAL ADULT15
Constituent
Sodium
Potassium
Calcium
Magnesium
Ammonia
Chloride
Bicarbonate
Phosphate
Sulfate
Urea
Creatinine
Cd
Hg
Normal pH = 5.5-6.5 
Normal volume of 24-hour
Amount Excreted/Day 
2-4 g 
1.5-2.0 g 
0.1-0.3 g 
0.1-0.2 g 
0.4-1.0 g N 
100-250 meq 
0-50 meq 
0.7-1.6 g P 
0.6-1.8 g S
6-18 g N 
0.3-0.8 g N 
0.01-0.03 m g 29 
l.0-3.0 rag mg31
urine = 600-2500 ml/day
manganese in urine yield numbers which vary widely. 
Reported values range from 7.7 jug per day to 225 jug per 
day.
Problem in the Analysis of Sweat and Urine
The analysis of sweat is made difficult by several 
factors. Collection of a r e p resentative sample is 
difficult because the composition of sweat appears to vary 
with the region of the body where it is produced12. 
Collection of a sample must be done without contamination 
from the skin or the collection vessel. The concentration 
of many substances in sweat vary with a change in the rate 
of secretion of sweat. Some substances, such as chloride, 
increase in concen t r a t i o n  as the rate of sw e a t i n g  
increases, while others, such as glucose, are inversely 
related to the rate of sweat secretion13. Prevention of 
evaporative loss of water from the collected sample is 
also very difficult13. All of these factors undoubtedly 
contribute to the wide concentration ranges reported in 
the literature for even major sweat components such as 
sodium, potassium, and chloride.
Several methods for the collection of sweat samples 
have been reported. A total-body washdown procedure has 
been used in w h i c h  subjects w ere exposed to a 
controlled-temperature chamber for a period of time, after 
w h i c h  the w hole body was w a s h e d  to collect sweat 
solutes12,16. The amount of sweat was calculated by
meas u r i n g  the net loss in body weight during the 
collection period. Others have collected sweat in a 
polyethylene bag attached to a subject's forearm17,1®. 
Micropunctures of the sweat gland duct also have been used 
to collect samples1®.
METHODS OF MANGANESE DETERMINATION
Colorimetric M ethods
S o l u b l e  m a n g a n o u s  c o m p o u n d s  r e a c t  to f o r m  
permanganate using persulfate oxidation in the presence of 
silver nitrate. The absorbance of samples and standards 
are determined sequentially at 525 nm. The detection 
limit by this method is 30 *ig manganese when a 1 cm cell 
is used and 5 ug manganese when a 5 cm cell is used19.
Atomic Absorption
Total m a n g a n e s e  can be d e t e r m i n e d  by atomic 
absorption spectroscopy (AAS), using flame or graphite 
furnace atomization. VanOrmer and Purdy20 extracted 
digested urine samples with methylisobutyl ketone (MIBK) 
and determined manganese concentrations by flame atomic 
absorption. The detection limit using this method is 
lppb. Values reported are 2.0 to 4.2 ppb Mn for a single 
individual over a one week period.
At o m i c  abso r p t i o n  has been used to d e t e r m i n e  
manganese in biological samples directly21'22,2®. One 
study by Muzzarelli and Rocchetti 2^ used graphite furnace 
atomization to determine manganese in whole blood and
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serum. Normal values ranged from 3 ppb to 21 ppb 
manganese in blood and 5 ppb to 16 ppb manganese in serum.
Electrochemical Methods
Differential pulse anodic stripping voltammetry has 
been used to determine manganese in sea water. Samples 
were acidified at collection time and then buffered with 
sodium tetraborate prior to measurement. The samples were 
then made 2 x 10 -5 M in Hg(Il) to enable _in situ plating 
of the mercury film onto the glassy carbon electrode. A 
plating time of 5 minutes was used, with a plating 
potential of -1.7 V versus the SCE. This method gave a 
detection limit of 0.1 micrograms manganese per liter25.
Activation Analysis
N eutron a c tivation analysis is often used to 
determine manganese and other trace elements in urine. 
Using Mn-56 with a half-life of 2.58 hours and a gamma 
energy of 847 keV, the d e tection limit is 0.001 ng 
manganese. Values using this technique vary from 1 
microgram to 16.7 micrograms manganese per day.26,2^
In 1975 Carnelis and co-workers determined a number 
of trace elements in urine by neutron activation 
analysis28. They reported manganese values from 0.093 to 
0.67 micrograms manganese per day. Although in this study 
the manganese concentrations found were very low compared 
to the published values, this was attributed to the use 
of ultra clean vials in dust free rooms. A contamination
study of the containers used in this technique gave 
levels of 0.012, 0.015 and 0.020 mg manganese.
REASONS FOR THIS STUDY
Limited data are available on the concentration of 
trace metals in human perspiration and further study is 
needed. Previous studies on cadmium by a former student 
showed that the concentration of cadmium in sweat was 
three times that found in urine. Researchers believed 
that, like cadmium, the levels of manganese in sweat are 
higher than in urine29. This hypothesis would suggest 
that excretion of m anganese in the sweat m ay be a 
significant factor in the balance between uptake and 
excretion of this metal. Thus the amount of manganese 
excreted in the sweat may directly affect the body burden 
of this metal in man. In a study by Kent and M cCance", 
individuals who were injected with moderate amounts of 
manganese butyrate retained all of the injected manganese. 
No increase in the urinary or fecal m a n g a n e s e  was 
observed, but perspiration was not investigated as a mode 
of excretion.
In subsequent chapters, the me t h o d s  used for 
elemental determination of manganese in body fluids, 
particularly sweat and urine, are described, along with 
the attempted development of a method of metal speciation 
analysis in body fluids. The latter m e t h o d  was 
sufficiently sensitive for direct analysis of body fluids
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without the errors involved in p r e t r e a t m e n t  and 
preconcentration of samples normally involved in less 
sensitive methods.
CHAPTER ONE
DIRECT DETERMINATION OF MANGANESE IN PERSPIRATION AND 
URINE USING ATOMIC ABSORPTION SPECTROSCOPY
INTRODUCTION
The physical phenomenon of atomic absorption was 
first observed by Fraunhoffer in 1814 and explained by 
Brewster in 1820. Then in 1952 Walsh demonstrated the 
potential of atomic absorption as an analytical tool, by 
introducing hollow cathode discharge lamps as light 
sources modulated to remove emission interferences and the 
use of flame atomizers which provided rapid and simple 
atomization of liquid s a m p l e s 3 ^, These achievements were 
largely ignored, until 1958 when Dr. James Robinson and 
coworkers at Esso Research demonstrated the use of atomic 
absorption as a quantitative analytical tool33,
Basic Principles
The total absorption is proportional to the number of 
free atoms and the oscillator strength of the absorption 
line, related by the following equation:
t o t a l  absorpt ion  = J~ Kvdv = " I -  Nf Equation l
e = charge of an electron 
m = mass of an electron
N = number of absorbing atoms, w hen the 
transition starts in the ground state 
N = population of ground state 
c = speed of light
f = oscillator strength of the absorption line
The oscillator strength of a line is a measure of 
the probability of transition from the unexcited state to 
the excited s t a t e 3 4 . Its equation is s h o w n  below:
m e  &2 \ 2 a 1
f = 8 ^ 7  I f  *21 2 n a t i o n  2
wlie re
f is the oscillator strength
g| and g£ are the statistical weights of atoms 
in the two states, 1 and 2
is the probability that the atom will 
spontaneously emit a photon and change from 
state 2 to state 1 and
X21 is the wavelength of radiation absorbed 
by the atom to change from state 1 to state 2.
In general, the oscillator strength of the transition 
between the ground state and the first excited state is 
the highest. It progressively decreases for transitions 
between the ground state and successively higher states. 
The absorption is directly proportional to the oscillator 
strength and is therefore strongest from the ground state 
to the first excited state. The oscillator strength is a 
physical property of the element and the resonance line 
being used. It does not change under normal conditions.
The degree of absorption also depends on the number 
of atoms in the low energy state. The number of atoms in 
the low energy state is not the same as the total number 
of free atoms present because these atoms are distributed 
in the ground state and upper excited states according to 
the Boltzman distribution*^.
N 2 - E/KT „ _  o
r;  s= e Equation 3
Ni
where:
is the population in the ground state 
N2 is the population in the excited state
E is the energy difference between the
two states, 
k is the Boltzman constant
T is the absolute temperature
This equation shows that the population of the 
excited state is very low in comparison to the population 
in the ground state. For example, at 3000°K there is 1 
atom in 1000 of sodium in an excited state, the rest being 
in the ground state. For elements such as zinc which 
require much more energy to become excited there is 1 atom 
in 1010 in the excited state. Because of this, for trace 
analysis the resonance line is chosen for all elements in 
atomic absorption.
Quantitative Analysis
When makine calibration curves, it is conventional to 
plot absorbance versus sample concentration. Such a plot 
depends upon the assumption that the relationship between 
the sample concentration and the number of free atoms 
created, will be reproducible in the system. Thus a plot 
of absorbance versus concentration theoretically should be 
a straight line. In practice straight lines are observed 
over a n a r r o w  co n c e n t r a t i o n  range. This range is 
dependent upon the element of interest and the method of 
atomization used, and should be determined experimentally.
Since first introduced in 1955 by Walsh3 2 , atomic 
absorption spectroscopy has become the most widely used 
method for determining trace levels of metals. The hollow 
cathode lamps and flame atomizers used in his pioneering 
work are still the most popular light sources and
atomizers, today.
Equipment
Both single beam and double beam optics have been 
utilized for atomic absorption spectroscopy. The single 
beam system uses fewer components, but is susceptible to 
error from drift in the radiation source or the detector. 
Drift can be reduced by using high-quality power supplies 
to the hollow cathodes, amplifiers, detectors and readout 
equipment. The double beam system corrects for drift in 
the l ight s o u r c e  a n d  the d e t e c t o r ,  and u s e s  AC 
amplification which is inherently less noisy.
Light Sources
Since the absorption lines of free atoms are not 
modified by vibrational or rotational e n e r g y , t h e s e  
lines are very narrow37. Because absorption line widths 
are very narrow (less than 0.05 A) a light source with 
equally narrow lines is required, otherwise a loss in 
sensitivity occurs.
The problem was overcome by Walsh who developed the 
hollow cathode as a radiation source. A schematic of a 
hollow cathode lamp is shown in figure 1. The filler gas 
is usually argon or helium and the anode a durable metal 
such as tungsten or iron. The cathode is made of the metal 
to be analyzed, alternatively a carbon or aluminum cup can 
be used to hold the cathode. The filler gas is charged at 
the anode and then attracted by the charge of the cathode.
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FIGURE 1 HOLLOW CATHODE SCHEMATIC
ARSON ATOMS ARE ACCELERATED TO THE CATHODE 
SPUTTERING THE METAL SURFACE GIVING EXCITED 
ATOMS WHICH EMIT RADIATION.
The accelerated filler gas ions impinge on the cathode and 
dislodge the metal atoms from the surface. The dislodged 
atoms are excited in the process and emit radiation at all 
the characteristics wavelengths of that element, including 
the resonance lines that are used for absorption 
measurements. Thus, hollow cathodes provide an excellent 
n a r r o w  line source, needed for a t o m i c  absorption 
spectroscopy.
Flame Atomizers 
Flames were the first atomizers used for flame 
photometry and they provided very convenient atomizers. 
The use of flame atomizers has been throughly studied and 
well exploited. Flames were easily handled and readily 
a vailable as atomizers. However, there are many 
disadvantages of using flame atomizers. Flames present a 
very hostile environment for free atoms. Many elements, 
like manganese can be converted very quickly to an oxide, 
which cannot undergo atomic absorption.
Nebulizers for flame atomizers have a transport 
efficiency of only 2 to 3%, thus most of the sample is 
lost and never reaches the flame. This decreases the 
sensitivity and requires relatively large sample volumes. 
Furthermore, the attainable atom concentration in flames 
is limited by the dilution effect of the relatively high 
flowrate of unburnt gas used to support the flame and to 
transport the aerosol to the flame.
The gross inefficiency of using flames as atomizers 
can be demonstrated by the following example. Using the 
3247 A resonance line a lppm copper solution gives 1% 
absorption. At a typical flow rate of 1 ml/min there are 
1013 atoms/10-2 sec aspirated through the light path. 
Substitution of the values for copper into equation 1 for 
total absorption shows that for 195 absorption there are 
approximately 10^ atoms/ 10“2 sec absorbing atoms in the 
light path. This means that aspirating at a rate of 10*3 
per 10“2 sec gives an atomization rate of only 10^ per 10“ 
2 sec35. Thus, using a flame atomizer only 1 in 106 atoms 
were effectively atomized and available for atomic 
absorption.
Electrothermal Atom izers 
Many of the previously described problems were 
o v ercome by ele c t r o t h e r m a l  atomization. The first 
practical e l e c t r o t h e r m a l  a t o m i z e r  for analytical 
spectroscopy was reported by L'vov in 1961, and inspired 
the commercial furnaces available today. A commercial 
heated graphite atomizer is shown in figure 2. It 
consists of a hollow graphite cylinder placed horizontally 
with the light path passing through longitudinally. 
Electrodes at the ends of the cylinder are connected to a 
low-voltage, high-current power supply. Liquid samples 
are inserted through the orifice in the top center of the 
cylinder with a microsyringe.
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F o l l o w i n g  insertion of the sample into the 
electrothermal atomizer, the heating sequence is initiated 
to carry the sample through three stages: dry, ash or
char, and atomize. In the dry cycle, the system is heated 
for 20 to 30 seconds at 110 to 150°C to evaporate any 
solvent. A dry residue of sample remains. The ash or 
char cycle is conducted at a predetermined intermediate 
temperature (1000°C to 1500°C) sufficient to vaporize and 
decompose the rest of the sample matrix. In the final 
stage, the temperature is increased to 2500 - 3000 °C 
which vaporizes and atomizes the analyte, thus creating 
the atom cloud responsible for a t o m i c  absorption. 
Electrothermal atomizers are capable of handling very 
small sample volumes with a high degree of sensitivity.
Background Correction 
When a liquid sample is vaporized inside a carbon 
furnace, a large number of m o lecules and molecular 
fragments are generated. These species usually absorb UV 
radiation to some degree, often at the analytical 
wavelength. With a standard hollow cathode lamp it is 
impossible to distinguish between atomic absorption and 
molecular background absorption. Unfortunately, no 
commercial background correction method is capable of 
completely eliminating the background problem. In order 
for background correction systems to work, the background 
absorption must be reduced to a manageable level through a
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FIGURE 2 GRAPHITE FURNACE SCHEMATIC
Samples are injected directly into the 
carbon atomizer using a microliter syringe. 
Nitrogen gas flow ensures that vaporized 
compor.ets are quickly expelled and nothing 
deposits inside the cylinder.
temperature program .
Inert gas (nitrogen) enters the graphite cylinder at 
the ends and exits at the sample introduction port. The 
gas flow ensures that the matrix components vaporized 
during the ashing step (described on page 24) are quickly 
expelled and nothing deposits inside the cylinder where 
subsequent vaporization during the atomization step would 
produce a large background absorption signal. A metal 
housing around the furnace assembly is water-cooled to 
restore quickly the atomizer to ambient temperature after 
each atomization.
The deuterium lamp provides a broad band radiation 
source w h i c h  can be used for m e a s u r i n g  broad band 
absorbtion (background) in conjunction with a hollow 
cathode lamp. The resonance line of the hollow cathode 
may be absorbed by both the free atoms and by the broad 
band absorbing species. In contrast, the radiation from 
the deuterium lamp will be absorbed over the entire 
spectral wave band by the molecular species but will only 
be absorbed over a very narrow wave band by free atoms. In 
practice a spectral line width of about 1 A is monitored, 
at the center of this band is the resonance a tomic  
absorption line which is about 0.05 A wide. The total 
amount of radiation absorbed by the free atoms thus is 
negligible compared to the total radiation absorbed by the 
molecular background over the entire 1 A bandwidth. Thus,
to a first approximation the absorption of the deuterium 
lamp will be a measure of the molecular background only. 
This enables the direct measurement of the molecular 
background at precisely the same wavelength that is used 
for the resonance atomic absorption measurement.
Detectors and Modulation 
T h e  m o s t  c o m m o n  d e t e c t o r s  u s e d  a r e  the 
photomultipliers. The limiting factor in the use of 
photomultipliers is the voltage used in their operation. 
If the voltage is too high the photomultiplier will 
generate a noisy erratic signal even when no radiation 
falls on it. Fortunately, it is not necessary to achieve 
high sensitivity by operating under highly amplified 
conditions because the light intensity from the hollow 
cathode is always strong. In practice the source
radiation is modulated, usually by means of a chopper but 
may be done electronically. The detector is then tuned to 
the frequency of the source. Modulation of the source is 
required because many metals when placed in a flame, emit 
at the same frequency they absorb, because the same 
electronic transitions are involved. Thus modulation 
provides the detector the means to discriminate between 
source radiation which is AC and the flame emission which 
is DC.
Sources of Interferences in Atomic Absorption
The three major interferences in atomic spectroscopy
are excitation interferences, spectral interferences and 
chemical interferences. Excitation interferences arise 
when one species transfers its excitation energy to other 
species of unexcited atoms. This effect is more important 
in emission spectroscopy because this transfer of energy 
directly affects the number of excited atoms. This type 
of interference is not usually a p r oblem in atomic 
absorption because the unexcited atoms provide the 
a b s o r p t i o n  s i g n a l  and t h e i r  p o p u l a t i o n  is not 
significantly changed by this process.
Spectral interferences arise when any element or 
compound in the sample emits at the wavelength being used 
for a t o m i c  a b s o r p t i o n  m e a s u r e m e n t s .  S p e c t r a l  
interferences are always a problem because an element 
invariably emits at the same wavelength at which it 
absorbs, because it is a resonance line. However, the 
p roblem can be e li mi n a t ed  in a to mi c absorption
s p ec tr os co py  by the use of m o du l a t i o n  equipment.
Modulation of the hollow cathode source provides the 
detector with a means of discriminating between the
radiation emitted from the source, which is AC, and the
flame, which is DC.
Chemical inteferences are the major interferences in 
a tomic absorption. The che m ic al  form of the sample 
directly affects the atomization efficiency and therefore 
the total number of free atoms produced from a given
sample. However, chemical interferences can be controlled 
by either using a high temperature atomizing system or by 
modifying the sample matrix with a suitable complexing 
agent.
Goals of this Study
The a n a l y s i s  of b i o l o g i c a l  s a m p l e s  s u c h  as 
perspiration and urine is made difficult due to the high 
solids content, and variable organic contents of the 
samples. In spectroscopic analysis molecular background 
absorption by salts and organic components has been 
reduced by ashing the samples, or by extracting the metal 
of interest into a suitable matrix before analysis. This 
type of sample pretreatment can result in sample loss 
sample contamination or both. Graphite furnace atomic 
absorption often provides a rapid and accurate means of 
analysis of complex biological samples. This method is 
sufficiently sensitive for the direct determination of 
manganese without the errors involved in preconcentration 
and pretreatment of samples required with less sensitive 
methods.
EXPERIMENTAL
Apparatus
A Perkin Elmer Atomic Absorption Spectrometer Model 
403 with electrothermal atomization was used for all 
atomic absorption analysis. A schematic diagram of the 
instrument is given in figure 3.
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Licfht Source
The demountable hollow cathode lamp used herein was 
similar in design to the ones that have been used in this 
laboratory for years. The lamp was manufactured by 
college machine shop personnel. Figure 4 shows the major 
componets of the demountable hollow cathode lamp.
Several different cathodic materials were tried. The 
first was a fused salt cathode. It was prepared by 
melting manganese chloride in a brass cup. The cup was 
cooled and a hole was drilled through the center of the 
fused salt. This resulted in most of the salt crumbling 
into small pieces and falling out of the cup. These same 
results were obtained using manganese sulfate, thus this 
method of preparing a cathode was essentially useless.
Attempts at machining a manganese cathode cup were 
unsucessful because the metal was very brittle. Often the 
metal of interest is hammered into a thin foil and placed 
inside of the cup. This proved impossible to achieve due 
to the brittleness of metallic manganese.
Thus, due to the p r ob le ms  encountered in the 
preparation of the manganese hollow cathode, a commercial 
lamp obtained from Perkin Elmer was used in all of the 
subsequent analysis.
A Perkin Elmer deuterium lamp was used to provide a 
broadband source to m e a s u r e  b a ckground molecular  
absorption. The atomic absorption spectrometer was
equipped with the electronic equipment necessary for 
automatic background correction. Thus samples did not 
require a separate determination of molecular background. 
The accurate d e t e r m i n a ti o n  of m o lecular background 
requires that the light intensities from the hollow 
cathode and the deuterium lamp are equal. A motor driven 
variable attenuator (graded neutral density filter) was 
used to balance the beam energy radiated by the deuterium 
lamp and the hollow cathode.
Chopper
The chopper created a modulated signal from the light 
sources which was then directed through the light path of 
the atomizer. An AC amplifier was used to monitor only 
the interrupted signals created by the chopper. Emission 
of light by excited atoms in the light path on return to 
their ground state was DC emission and was not amplified 
or recorded. The use of a chopper eliminated spectral 
interferences due to emission by components of the sample.
Atomizer
The atomizer used was a Perkin Elmer graphite 
furnace powered by a HGA-2000 controller [figure 2]. The 
carbon atomizer supplied by Perkin Elmer was 5 cm in 
length and had a useful lifetime of about 60 samples. The 
graphite tube was held in position in the furnace housing 
by two graphite cones, which also served as electrical 
contacts. A current of up to 500 amperes at about 10
/
I
I
- d l )  D e t e c t o r
>\Y\
C h o p p e r
/\
: - E 3 -  \ s /
F u r n a c e  ^
FIGURE 3 ATOMIC ABSORPTION SPECTROMETER 
MODEL 403 OPTICAL SCHEMATIC
The chopper modulates the source radiation 
to produce an AC signal. The detector is 
tuned to the modulation frequency which 
eliminates spectral interferences. The 
lamp provides broad band radiation 
used to determine molecular background 
absorption.
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volts passed through the graphite tube heating it to 
incandescence.
Samples were injected with a microliter pipette 
directly in the center of the pyrolytic carbon atomizer 
through the sample introduction orifice.
The furnace was purged with nitrogen gas to prevent 
combustion of the graphite tube at high temperatures and 
to ensure that the componets vaporized during ashing and 
charing were quickly expelled from the light path. Two 
tangential holes at each end of the graphite tube provided 
turbulent flow of inert gas through the tube. The gas 
was vented through an opening in the furnace housing that 
was directly above the sample introduction orifice.
The furnace housing was water cooled by circulating a 
stream of cold tap water through the chambers. The 
temperature of the graphite tube could be lowered from the 
maximum (2700°c) to near ambient in approximately one 
minute. This rapid cooling facilitated rapid sequential 
analysis of samples.
Detector
The detector used in the study was a photomultiplier 
(Hamamatsu R106-Utl). The tube has a response curve which 
extended down to 180 nm and was designed for maximum 
sensitivity in the UV range. The signal from the 
photomultiplier tube was amplified and recorded on a 
B e c k m a n  10 inch strip chart recorder Model 1005.
Chem icals and Solutions
Distilled Deionized Water 
Distilled deionized water (DDW) was obtained by 
passing distilled water, through a mixed bed deionization 
column {Illinois Water Treatment Company, Research Ion 
XChanger Model 2). The water was then stored in a large 
polyethlyene Nalgene container.
Manganese Standards 
A stock manganese standard was prepared by dissolving
1.00 gram of high purity man g a n e s e  metal in ten 
m i l l i l i t e r s  of HC1 and one m i l l i l i t e r  of H N 0 3 and 
diluting to one liter with distilled deionized water. 
Dilute standards were prepared daily.
Samples
Sweat samples were collected in the sauna at the LSU 
Field House. Individuals s a m p l e d  had undergone an 
exercise program and then showered before entering the 
sauna. Sweat samples were collected only after profuse 
sweating had begun. Collection was made by catching drops 
of perspiration from the tip of the nose or forehead in a 
clean polyethylene vial. No contact was made between the 
vial and the skin itself. The average volume of sweat 
collected was approximately two milliliters over a ten 
minute period. Collection of most samples was made in the 
late afternoon. This method for the collection of sweat 
samples has been used by other researchers29»38>39,40. jn
most cases, urine samples were collected from each subject 
within minutes of the collection of sweat specimens.
Procedure
The hollow cathode lamp and the deuterium lamp were 
turned on and allowed to warm up for one hour. The hollow 
cathode lamp was operated at a current of twenty five 
milliamps. The deuterium lamp intensity was adjusted to 
equal that of the hollow cathode using a motor driven 
variable attenuator,and the nitrogen purge started. The 
optimum temperature program used was:
Time Temperature
Drying 18 sec 300°c
Charring 30 sec 1100°C
Atomization 10 sec 2700°c
The drying time depended on the sample volume 
injected. Thus for a ten microliter sample an eighteen 
second drying time provided complete evaporation of the 
solvent. The drying temperature of 300°C was suggested by 
Perkin Elmer as the optimum for aqueous samples, A thirty 
second ashing time at 1100°C was sufficient to vaporize 
and decompose the sample matrix. The carbon atomizer was 
then rapidly heated to 2700°C for ten seconds which was 
the maximum temperature attainable and responsible for the 
rapid atomization of the sample.
Determination of Mn in Sweat and Orine
Samples were analyzed as soon as possible (usually 
within one hour after collection). Samples were introduced
into the atomizer by direct injection through the sample 
introduction orifice using a ten microliter Eppendorf 
pipette. The concentration of manganese was determined by 
m o n i t o r i n g  the percent abso r p t i o n  of the manganese  
resonance line at 2794 A.
Calibration Curve 
Calibration curves were established by measuring the 
absorption of aqueous manganese chloride standards. The 
samples were introduced into the atomizer in the same 
manner as the samples. Five standards ranging from twenty 
ppb to two hundred ppb were used.
The standard addition method was used to check for 
matrix effects from the sweat and the urine. To prepare 
the standard additions, one to ten microliter amounts of a 
one hundred ppm aqueous manganese (as MnCl2) standard were 
added to 0.5 mL aliquots of sample. The slopes of the 
aqueous calibration curve and the standard addition 
calibration curves were equal, as can be seen in figure 5. 
Therefore, no matrix effect was evident and subsequent 
sample absorbance was compared to aqueous calibration 
curves. Typical absorption signals from standards and 
samples are presented in figure 6.
The precision of the method was calculated by 
multiple analyses of a one hundred ppb aqueous manganese 
standard [table 3], The mean absorbance at 2794 A of the 
ten aliquots was 0.4350 ± 0.0173 (mean + standard
deviation}. The relative standard deviation was 3.97SK. 
RESULTS AND DISCUSSION
Concentration Range of Manganese in the Sweat of 
Non-Occupational1v Exposed Individuals
Sweat samples were collected from two individuals who 
were not occupationally exposed to manganese. Subjects 
were between fifty and sixty years of age. The results of 
these analyses are presented in Table 4. The mean 
manganese concentration was one hundred ppb for all 
samples, the range of values extends from thirty one ppb 
to one hundred eighty eight ppb Mn. Figure 7 illustrates 
the distribution of the manganese concentration found in 
sweat. The distribution range differed between the two 
subjects, w ith Subject A having a higher average 
concentration, and Subject B having a much wider range of 
values and a lower average concentration. The average 
manganese concentration (mean + std.dev.) in the sweat of 
these two individuals was found to be 113 ± 30 ppb for 
Subject A and 88 ± 45 ppb for Subject B.
The "standard deviation" has been calculated here as 
a measure of the amount of variation in the concentration 
of manganese found in the sweat on a day-to-day basis. It 
must be emphasized, that a different sample was analyzed 
to obtain each value; thus, the values calculated above 
are not a measure of precision nor of true deviation.
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FIGURE 5 TYPICAL CURVES OBTAINED FORM ANALYSIS OF SWEAT 
BY THE METHOD OF STANDARD ADDITION. THE SLOPE 
OBTAINED PM THE ANALYSIS OF SWEAT WAS SIMILAR 
ENOUGH TO ALLOW DIRECT COMPARISON OF SWEAT 
SAMPLES WITH AQUEOUS MANGANESE STANDARDS. 
STANDARD ADDITION OF A URINE SAMPLE COINCIDED 
WITH THE MANGANESE AQUEOUS STANDARD.
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TABLE 3
VALUES OBTAINED FOR REPEATED ANALYSIS OF A 
SINGLE SWEAT SAMPLE
Total
Aliguot 35 Absorpt
1 20
2 18
3 19.3
4 20
5 20 . 6
6 19 .8
7 20
8 19 . 6
9 20. 2
10 20. 4
Average Total 35 Absorption =19.9; tr = 0.77
Average Total Absorbance = 0.0965; <T = 0.0036
Relative standard deviation of total absorbance = + 3.735
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TABLE 4
CONCENTRATION OP MANGANESE IN SWEAT 
Cone. of Mn (ppb)
Date Subject A Subject B
07-07 128 73
07-19 98 103
07-26 82 141
07-29 132 188
08-02 166 60
08-05 125 87
08-31 100 67
02-17 100 31
02-21 78 32
03-14 117 119
03-17 97 no sample collected
03-21 71 78
03-26 125 no sample collected
03-28 168 82
n : 14 n: 12
mean: 113 ppb mean: 88 ppb
<r : 30 ppb C  : 45 ppb
range: 71-168 ppb range: 31-188 ppb
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These values only serve as an indication of the range of 
manganese levels found in sweat and the distribution 
within that range.
Est i m a t e d  Dai.iy 15-cretion of Mang a n e s e  Through 
Perspiration
The sweat samples collected for this study were 
considered to represent sensible sweat. In fact, under 
the conditions in which the samples were collected (in a 
sauna), it might be considered that maximum sweating took 
place. It has been estimated that maxi mum perspiration 
takes place at a rate of approximately 1.5 kg/hr13 or 
thirty six kg/day. Under these conditions, an Individual 
will excrete approximately 0.15 mg of manganese per hour 
(using an average value of 100 ppb for the manganese 
co n c e n t r a t i o n  of sweat). If this rate of s w e a t i n g  
continued indefinitely, the maximum amount of manganese 
lost through perspiration would be approximately 3.6 
mg/day. It should be remembered that this is for maximum 
sweating conditions (in a sauna). Under more normal 
conditions the rates are much lower, ie, two to three 
kg/day of sweat and therefore 0.3 milligrams of manganese 
per day.
The level of manganese in insensible sweat may be 
different from that reported here due to the fact that 
sensible and insensible sweating were believed to take 
place by different mechanisms13. However, if it is
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assumed that the concentration of manganese in insensible 
sweat is the same as that measured here for sensible 
sweat, an estimation of the total amount of manganese 
excretion under more normal conditions can be made.
If the average amount of insensible perspiraton is 
one kg/day,*3 then approximately one hundred micrograms 
of manganese would be excreted daily by this means. The 
total manganese excretion per twenty four hour period 
would depend on the additional amount of sensible sweat 
excreted. This in turn, would depend on individual 
characteristics and environmental conditions. As a rough 
estimation, it may be a s s u m e d  that man excretes 
approximately three kg/day of both sensible and insensible 
sweat13. Therefore, the amount of manganese which may be 
excreted through the sweat can be estimated to be about 
0.3 mg/day, under normal conditions.
Va riations in the Manganese Concentration in the 
Sweat of an Individual
The manganese concentration in sweat was found to 
vary for an individual sampled on different days. As 
Table 4 showed, the amount of variation was slightly 
different for the two subjects studied. The manganese 
concentration range in the sweat of Subject A had a 
variance of 0.26 while that of Subject B had a variance of
0.51.
It was not surprising that the concentration of
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manganese in sweat varied on a daily basis. Many factors 
could influence this variation, including diet, exercise, 
weather, and the efficiency of the sweat glands. Although 
external variations, for example those due to atmospheric 
differences, were minimized by the collection of samples 
always under the same conditions, normal daily variations 
in the factors m e n t i o n e d  above could affect total 
perspiration and therefore daily manganese excretion.
Concentration of Manganese in Urine
No manganese was detected in any of the urine samples 
tested. The detection limit for manganese using the above 
described method was found to be 2.0 ppb. Based on the 
studies reported here man g a n e s e  is excreted more 
efficiently through the sweat glands the through the 
kidneys.
CONCLUSIONS
1. Graphite furnace a tomic abso r p t i o n  s p ectroscopy 
provided a simple and reliable technique for the direct 
analysis of manganese in sweat samples. The method was 
sufficiently sensitive so that preconcentration of the 
sample was not necessary. The standard deviation was 3ppb 
for a 100 ppb sample.
2. The average concentration of manganese in the sweat of 
two human subjects was found to be 100 ppb. The subjects 
were members of the university community and were not 
considered to be occupationally exposed to manganese.
49
3. No manganese was detected in any of the urine samples 
tested, thus manganese is excreted more efficiently 
through the sweat glands than through the kidneys. The 
sensitivity was found to be 2ppb, hence the concentration 
of manganese in urine must be less than 2 ppb.
4. The manganese concentration in sweat was found to vary 
for an individual sample on different days. The amount of 
variation was different for the two subjects studied. The 
manganese concentration range in the sweat of Subject A 
had a variance of 0.26 while that of Subject B had a 
variance of 0.51.
5. The rate of manganese excretion through perspiration 
was calculated to be about 0.15 mg/hr under conditions of 
profuse sweating.
6. If it is assumed that the composition of insensible 
sweat is the same as sensible sweat, the average total 
manganese excreted through sweat was estimated to be 0.3 
mg/day, under normal conditions.
7. Based on the studies reported here the excretion of 
manganese through perspiration is a significant mode of 
loss of this element. The use of refined cereal grains 
coupled with the poor absorption of dietary manganese may 
contribute to a deficiency of this trace element in man.
CHAPTER TWO
ELECTROCHEMICAL ANALYSIS OF MANGANESE 
INTRODUCTION
Atomic absorption provided a direct method for the 
d e t e r m i n a t i o n  of total m a nganese in perspiration. 
However, the toxicity and biochemical pathways of metals 
are very much dependent upon the chemical form of the 
element and not the total concentration of the element.
Electrochemical methods have been used by other 
researchers for the speciation of metal compounds at low 
levels in environmental samples. In this laboratory a 
former coworker used electrochemical methods for the 
speciation of environmental thallium compounds^'1. Using 
these techniques routine analytical methods were developed 
for the direct speciation and guanitation of mixtures of 
TINOg, {CH3 )2T1I and (CH3 )2T1N03 in aqueous solutions. 
E l e c t r o c h e m i c a l  me t h o d s  have been used for the 
determination of manganese in environmental samples. The 
reduction of Mn{II) to the metal is observed at -1.49 V 
versus the standard calomel electrode (SCE). The 
reduction of Mn(III) to Mn(II) can also be observed at 
0.49 V vs. SCE in a supporting electrolyte of 0.2 M 
triethanolamine and 0.5 M KOH. It was believed that 
methods could be developed to provide some speciation 
information for manganese.
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History of Electrochemical Analysis
Electrochemical methods have been an important part 
of analytical chemistry since 1801 when Cruikshank 42 
performed the first electrodeposition of copper and silver 
from their respective salts. However, it was not until 
Heyrovsky's first paper in 1922 43 that voltammetric 
processes at a dropping mercury electrode (DME) were 
described. Heyrovsky and his group then developed the 
quantitative interpretation of these processes and, by 
the 1930's, the methods were well known outside of Eastern 
Europe.
The use of polarography declined in the U.S. in the 
1950's and 1960's and it is only recently that many of the 
new voltammetric methods have begun to gain acceptance in 
trace elemental analysis. The renewed interest may be 
attributed in part to the use of solid state operational 
amplifier circuitry which has lowered the cost and allowed 
many laboratories to buy commercial instruments.
DC Polarography
The first polarographic method using a DME was dc 
polarography. In this method, a linear potential ramp is 
applied through a DME to a solution containing one or more 
electroactive species. The resulting current [figure 8] 
is negligible until just before the reduction potential of 
the substance. Beyond this point there is a depletion of 
the species at the electrode surface caused by the
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electron transfer reaction and a concentration gradient is 
established between the DME and the bulk of the solution. 
Mass transfer of the reducible species results and, as the 
potential is increased, the rate of mass transfer is also 
increased. W hen the rate of mass transfer be c o m e s 
constant, the concentration of the electroreducible 
species at the electrode surface is essentially zero, and 
therefore a region of constant current is reached. This 
current is known as the limiting, faradaic, or diffusion 
current, and because it is generally proportional to the 
bulk co n c e n t r a t i o n  of the e l e ctroactive species in 
s o lution it is used in quantitative p o larographic 
analysis.
There are a number of different types of currents 
affecting electrochemical analyses. Because the DME acts 
as a capacitor, charging currents result which add to the 
background or residual current; these become important in 
trace analysis. Migration currents due to the movement of 
the ions produced are usually suppressed by the addition 
of a large excess of supporting electrolyte. Diffusion 
currents are the most important because they give rise to 
the desired analytical data. The mathmatical equation for 
these currents is given by the Ilkovic equation 44,45#
1d -  708 n D C* t1'6
where;
id = average diffusion current in amperes
D0 = diffusion coefficient in cm^sec- "1
CQ = concentration of the electroactive species 
in mol cm-3
m = mercury flow rate in mg/sec
t = time in seconds
Pulse Techniques
Pulse techniques had their beginnings in the 1950's 
as an extension of Barker's work on alternating current 
|ac) methods46. They have improved faradaic-to-charging 
current ratio because the charging current's relative 
contribution to the measured current is reduced.
In normal pulse polarography (NNP) the electrode is 
held at a base potential Eb , where no faradaic reaction 
occurs for most of the drops lifetime [figure 9], After a 
fixed time in the life of each drop, T, the potential is 
pulsed for a specified period (e.g. 67 msec) and then
returned to Eb . The current is sampled near the end of 
the pulse and a signal proportional to the value is 
recorded and held by a sample and hold amplifier. Next, 
the drop is knocked off mechanically and the entire 
process is repeated. With each successive drop the pulse 
potential E is increased by a few millivolts. Because Eb 
is chosen where the faradaic current may be assumed to be 
zero, the current-potential curve for a reversible process
may be expressed as;
, = „FCS ( ^ ) 1/2 ( ^ 1
m
Where: t = T‘ - T and 
m
P = exp (nF/RT) (E - E ^ 2 )
The sensitivity of NPP is greater than classical 
polarography because the current is measured when the 
charging current has mostly decayed. The measured 
current is larger because it is sampled after a 
shorter lapsed time i.e. the solution is less depleted.
Differential pulse polarography (DPP) superimposes a 
smal1-amplitude pulse of approximately 50 mV onto a linear 
dc voltage ramp that is applied to the system. The 
current is sampled twice during the drop's lifetime; once 
immediately before the pulse at time T  and again near the 
end of the pulse just before the drop is dislodged. This 
waveform is shown in figure 10. The current is recorded 
as a plot of the current difference i{T) - i('T)1 versus 
the potential, and appears as peaks instead of the 
sinuisoidal waveforms of normal pulse methods. This is 
because the DPP response occurs in potential regions 
where a small potential difference can make a sizable 
d i fference in the faradaic current flow, w h i c h  for 
reversible systems occurs in the region of E°, the formal 
potential of the electrode.
The detection limits for DPP are about ten times
lower than those for NPP, because the capacitative 
background current Is largely eliminated in a differential 
measurement. Quantitative and qualitative analyses are 
better accomplished by DPP while NPP is more often used 
for the examination of complex reactions as well as 
adsorption and catalytic processes.
Anodic Stripping Voltam metry
Another form of voltammetry is stripping analysis, of 
which anodic stripping voltammetry (ASV) is the most 
commonly used. In general, the method involves three 
steps; preconcentration, a rest period, and stripping 
[figure 11].
The preconcentration step makes use of a constant 
potential and increase of the mass transfer of the species 
to the electrode by either spinning the electrode or 
stirring the solution. It is common to use a fixed and 
reproducible time interval to electrolyze two to three 
percent of the total. Complete electrolysis would be 
lengthy and is unnecessary.
A quiescent or rest period g e n e r a l l y  follows 
deposition and allows the flux of the species to the 
electrode to decrease to the stationary diffusion current.
The s t ripping is p e r f o r m e d  by a v o l t a m m e t r i c  
procedure such as differential pulse , where the applied 
potential is scanned in the anodic direction, and the peak 
current is dependent only on the pulse width and the
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FIGURE 9 PLOTS OF POTENTIAL-TIME AND CURRENT-TIME 
FUNCTIONS FOR NORMAL PULSE POLAROGRAPHY
The electrode is held at a base potential 
Efj where no faradaic reaction occurs • After 
a waiting period, Y ,  the potential is abruptly 
increased to E and then returned to E^. The 
current is sampled, a t Y i  then the drop is 
knocked off mechanically.
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A small amplitude pulse A E ,  is superimposed 
onto a steadily increasing dc voltage ramp. 
The current is sampled twice during the 
drops lifetime, at ? and X  ' •
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FIGURE II PRINCIPLES OF ANODIC STRIPPING EXPERIMENT
The deposition step makes use of a constant potential Ed, 
and increases the mass transfer of the species to the 
electrode by stirring the solution. The rest period 
allows the flux of the species to decrease. In the 
stripping step the potential is scanned in the anodic 
direction and the peak current (ip) is dependent on the 
amount of metal plated onto the electrode
60
amount of metal plated onto the electrode. The major 
advantage of this method is that preconcentration of the 
material to be analyzed increases the response by 100 to 
“1000 times, so that the voltammetric (stripping) 
current is less perturbed by charging or residual impurity 
currents.
EXPERIMENTAL
Apparatus
Normal and Differential Pulse Polarography 
Two instruments were used for the electrochemical 
studies described. A P r i n c e t o n  Applied Research 
Corporation (PAR) model 174A polarographic analyzer, in 
conjunction with the PAR model 174/50 drop timer assembly, 
was used to perform both normal and differential pulse 
polarography. A PAR model 9002A x-y recorder was used.
Anodic Stripping Voltammetry 
Differential pulse anodic stripping voltammetry was 
performed with a thin mercury film plated onto a rotating 
glassy carbon electrode (GCE). The rotator used was a 
Pine Instrument Company analytical rotator model ASR2 in 
conjunction with a Pine Instrument Company ASR speed 
controller.
The mercury film was plated onto a glassy carbon 
electrode with a diameter of 0.32 cm using the method 
described by Copeland et a l .^ . The mercury plating
solution was placed in the cell and a potential of -0.250 
volts was applied to the GCE for five minutes while 
nitrogen was bubbled through the solution. The Pine speed 
controller was set at 1000 rpm and electrolysis was 
continued for an additional ten minutes.
Chem icals and Solutions
Supporting Electrolyte 
Distilled w ater was obtained from a Gilmont 
Instrument Company glass water still.
Reagent grade chemicals were used without further 
purification unless otherwise stated. Ammonium tartrate 
buffer solutions were prepared by dissolving 30.0 grams 
tartaric acid in 500 milliliters of distilled water, 
adding enough NH^OH to adjust to pH 9.0, and then 
diluting to 1000 milliliters.
Manganese Standards 
Stock solutions of manganese were made by dissolving
1.0 gram manganese metal in a minimum amount nitric acid 
and diluting to one liter w i t h  one percent v/v HC1 
solution.
Plating Solution 
Triply distilled mercury was obtained from Bethlehem 
Apparatus. The solution used to plate the thin film 
electrode was prepared by dissolving elemental mercury in 
nitric acid and combining it with an acetate buffer pH 
seven, according to the procedure outlined by Copeland
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e t a l.4 7 .
Oxygen Scrubber 
The oxygen scrubber used was prepared by boiling 2.0 
grams ammonium metavanadate in twenty five milliliters of 
concentrated HCl for a few minutes and diluting to two 
hundred fifty milliliters48,49. A Zn{Hg) amalgam was 
prepared by first cleaning zinc pellets with dilute HCl in 
a gas washing bottle; then a small amount of mercury was 
added to the bottle and the vanadium ion solution was 
poured over the resulting amalgam. Nitrogen gas was 
bubbled through the solution for several days.
Procedure
Normal Pulse Polarography 
The PAR model 174A and a dropping mercury electrode 
was used for normal pulse polarography. The instrument 
settings were:
Current range : 0.02 mA
Potential range : 1.5V
Potential scan rate : 2 mV/sec
Modulation amplitude: 50 mV
Drop time : 2 sec
Standard curves were made by adding the appropriate 
amount of stock solution via a microliter syringe to the 
supporting electrolyte in the electrolysis cell. All 
samples were deoxygenated fifteen minutes by bubbling 
purified nitrogen through the solution. After this 
deoxygenation the nitrogen gas was diverted in order to
blanket the solution surface during the analysis.
Differential Pulse Polarography 
The calibration curves for Differential Pulse 
Polarography analyses were obtained using the PAR model 
174A and a DME. The instrument settings were:
Current range : 0.02 mA
Potential range : 1.5 V
Potential scan rate : 2mV/s
Modulation amplitude: 50 mV
Drop time : 2 sec
A twenty five milliliter aliquot of the buffer 
electrolyte was placed in the cell and bubbled with 
nitrogen for fifteen minutes. A scan in the negative 
direction was then commenced at -1.2V and continued until 
the final current rise signaling decomposition of the 
electrolyte was reached. This background depends on the 
pH of the tartrate buffer. Calibration curves were made 
by the addition of appropriate amounts of manganese stock 
solution.
Anodic Stripping Voltam metry
Differential pulse anodic stripping voltammetry
(DPASV) was performed using the PAR 174A and a rotating
mercury thin film electrode (MTFE). The MTFE, produced
as described previously was stored in distilled deionized
water when not in use. The PAR model 174A settings were:
Potential range : 1.5 V
Potential scan rate : 2mV/s
Modulation amplitude: 50 mV
Drop time : 2 sec
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The current range was set at a convenient level, 
usually two mA. Analyses were made using the method of 
standard addition, with an appropriate amount of a one 
hundred ppm M n C ^  stock solution added via a microliter 
syringe to the twenty five milliliters of tartrate buffer 
solution in the cell. Nitrogen was bubbled through the 
solution to provide thorough mixing before each analysis.
The test solution was deoxygenated by bubbling 
nitrogen through the solution for fifteen minutes. The 
MTFE was then stripped by electrolyzing at 0.0 V for 3 
minutes while rotating the electrode. The cell was then 
switched off, the bubbling discontinued, and the potential 
adjusted to the desired depo s i t i o n  potential. The 
electrode rotation was adjusted to 1000 rpm and the cell 
was switched on. Deposition was allowed to continue for 
three minutes. The rotation was then stopped and, after a 
thirty second rest period which allowed enough time to 
change the instrument settings, the DPP scan was started 
and the drop knocker activated simultaneously.
RESULTS AND DISCUSSION
Normal Pulse Polarography
Normal pulse polarography is used to determine the 
reversibility of an electrochemical system as well as 
provide information about the halfwave potential, & i / 2  and 
the diffusion coefficient, DQ . When a plot of E versus
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ln{id - i)/i is made using NPP data a straight line of 
slope RT/nF will result for a reversible process. The 
potential for which ln(i£ - i)/i is equal to zero is then 
the halfwave potential for the reaction.
Figure 12 is the normal pulse trace for a 100 ppm 
manganese standard. A manganese standard was used for 
evaluating the reversibility of the electrode reactor as 
the m a n g a n e s e  co n c e n t r a t i o n  in sweat is below the 
detection limit of this method. A plot of E versus ln{i^ 
- i)/i gives a straight line, as illustrated in figure 13. 
The slope of this line indicated a quasi-reversible
reduction. The halfwave potentials obtained from these
traces cannot be considered thermodynamic potentials 
because they are not derived from a reversible process.
Differential Pulse Polarography
Figure 14 is the differential pulse trace for a 100 
ppb manganese solution. The detection limit is 20 ppb 
using this technique and calibration data is linear from
20 ppb to 300 ppb. The determination of manganese in
sweat using this technique was complicated by the fact 
that sweat contains a high c o n c e n t r a t i o n  of an 
electroreducible species that reduces at the same halfwave 
potential as manganese. Thus the signal from the manganese 
reduction was s u p e r i m p o s e d  upon a large very broad 
background. Wet digestion of the samples using nitric 
and perchloric acid eliminated this inteference but
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FIGURE 1 2  NORMAL PULSE TRACE FOR MANGANESE (II)
E^ IS THE HALF WAVE OR REDUCTION POTENTIAL
1« 
t
67
i.o
o.a
o.t
-0.4 ~
-0.1
l.S l.SJ
t, -V V*. 1CI
FIGURE 13 PLOT OF In id - i/i for Mn(II)
The slope of this line indicated a quasi-reversible 
reduction. The half wave potentials obtained from 
these traces connot be considered thermodynamic 
potentials because they are not derived from 
reversible process.
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FIGURE 1A DIFFERENTIAL PULSE TRACES FOR MANGANESE (II)
Unknown sample concentrations are determined 
by standard addition. The peak area is p r o ­
portional to the concentration of the electro­
active species. However, in practice the'peak 
height is used to determine sample concentrations.
resulted in the loss of manganese during the digestion, 
presumably as the volatile chloride. This procedure was 
not pursued because digestion of the samples defeated the 
purpose of utilizing this method to determine the amount 
of m a n g a n e s e  in sweat that was electroreducible. 
Digestion of the samples would result in the determination 
of total manganese.
Anodic Stripping Voltammetry
No manganese in sweat could be detected using DPASV. 
The detection limit for this method was found to be one 
ppb manganese. Determination of manganese by atomic 
absorption gave manganese concentrations of 80 to 120 ppb. 
This strongly indicated that the form of manganese in 
sweat was not electroactive. Manganese may be associated 
with the organic compounds in sweat. These compounds will 
be polarographically active if they are able to dissociate 
during the time of measurement5®. Another explanation may 
be that manganese is present in sweat in an oxidation 
state other than Mn(II) or Mn(III), however this is a less 
reasonable explanation.
The very negative deposition potential required for 
manganese ions means that practically all other amalgam- 
forming species in solution which can be reduced at the 
mercury film electrode will also be co-deposited. Thus, 
stripping analysis indicated the presence of iron, zinc, 
copper and cadmium in the sweat samples tested. A study by
Monnier and co-workers indicated that several metals 
(Co,V,Cr,Mo) caused significant inteferences in the 
determination of manganese. Nickel and copper also 
interfered but to a to a lesser extent51. In this study 
it was found that the most serious interference was due to 
the high copper content of the sweat samples. Other 
interferences are unlikely to be significant in the 
analysis of sweat samples. It was also found that the 
addition of zinc to samples eliminated the interference of 
copper. It is well known that copper and zinc form a 
quite stable intermetal1ic compound which can displace 
manganese from the Cu-Mn compound.52
During this investigation it was determined that the 
vanadium oxygen scrubber used to remove trace levels of 
o x y g e n  f r o m  the n i t r o g e n  p u r g e  gas r e s u l t e d  in 
considerable zinc ion contamination of the samples. Ten 
minutes of degassing through a single aqueous V(III) ion 
scrubber with nitrogen, via 4.5 feet of Tygon tubing from 
scrubber to cell, caused a Zn(II) ion concentration 
increase in the sample electrolyte equivalent to 0.63 
m g / m 3 for a gas flow rate of about 200 ml/min. The sample 
contamination of 56 ppb Zn(II) ion presumably arises from 
droplet carryover. Such conditions would undoubtedly 
introduce C l - ion and V(III) ion in even higher 
concentrations than those found for Zn(II) ion. More 
information can be found in the publication resulting from
this work53. It was also determined that sweat samples 
contained large concentrations of zinc and iron present in 
the sweat samples were codeposited in the mercury thin 
film with the manganese.
CONCLUSIONS
1. No m a n g a n e s e  was det e c t e d  in sweat using 
differential pulse anodic stripping voltammetry. The 
sensitivity of this method was 1 ppb and is specific for 
free metal ions. Manganese concentration determined by 
atomic absorption spectroscopy indicated that sweat 
samples contained 80 to 130 ppb total manganese. These 
results therefore strongly Indicate that the manganese 
present in sweat is organically bound, and does not exist 
as the free metallic ion, at or above one ppb if at all.
2. Manganese cannot be directly determined in 
perspiration by differential pulse polarography due to the 
direct interference from another electroreducible species.
3. A plot of E versus ln(i^ - i)/i was a straight 
line with a slope that indicated a quasi-reversible 
reduction.
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CHAPTER THREE
LIQUID CHROMATOGRAPHY-INDUCTIVELY COUPLED PLASMA 
ATOMIC EM ISSION AND ATOMIC ABSORPTION SPECTROSCOPY
INTRODUCTION
Atomic absorption spectroscopy provided a direct 
method for the determination of total manganese in 
perspiration. Ho w e v e r  it could not provide any 
information on the chemical form of manganese.
The chemical form of an element in the body controls 
its absorption, transport, retention and excretion. At 
present the chemistry of manganese in the body is largely 
unknown. Determination of the chemical form of manganese 
in body fluids may lead to a better understanding of the 
role this element has as an essential trace element.
Historically the use of chromatography for the 
speciation of metal complexes suffered from two major 
limitations. First, because of their ionic nature most 
m e tallic c o mpounds could not be v o latilized at the 
t e m p e r a t u r e s  c o m m o n l y  used in gas chromatography. 
Therefore, early studies of the chromatographic behavior 
of metal ions and metallic complexes centered around 
liquid phase techniques. Second, conventional liquid 
chromatography columns utilizing polar stationary phases 
gave rise to long retention times and peak tailing for 
polar metallic complexes. This problem was solved by 
Howard and Martin5 4 , who Introduced the use of nonpolar
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stationary phases and polar mobile phases. Under these 
conditions most polar metal compounds have little affinity 
for the hydrophobic supports and the most polar molecules 
will elute first. The name "reverse phase" was given to 
this type of chromatography.
Thus reverse phase c h r o m a t o g r a p h y  provided an 
excellent tool for the s e paration of the different 
chemical forms of manganese. The development of reverse 
phase chromatography enables body fluids to be analyzed 
directly, and aqueous samples can be directly introduced 
into the inductively coupled plasma (ICP).
At present there are no adequate methods for the 
speciation of manganese. Liquid chromatography coupled to 
ICP should provide a very sensitive method for metal 
speciation. It was our intention that LC-ICP could 
provide a sensitive method for simultaneous multielement 
speciation of trace elements in complex biological fluids. 
This could provide very valuable information on the 
pathways and interrelationships of metals in the body.
To better understand the work presented here it is 
necessary to review of some of the advances in liquid 
chromatography and ICP spectrometry, as well as some of 
the problems associated with these techniques.
History of Liquid Chromatography
In 1903 the Russian botanist, Tswett, reported the 
separation of green plant pigment in a column filled with
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powdered chalk55. This was the earliest report of using 
absorption chromatography as a separation method. The 
technique was not followed up until 1930 when Reichstein 
and Van Euw used a b sorption c h r o m a t o g r a p h y  for the 
separation of natural products56.
Then in 1941 Martin and Synge introduced liquid- 
liquid partition chromatography as a means of separating 
amino acids57. In 1952 they were awarded the Nobel Prize 
in chemistry for these achievements.
Liquid chromatography, until the mid-1960's, 
generally involved using a large column with a packed bed 
of absorbent coated with a stationary liquid phase. The 
force of gravity pulled the solvents and sample through 
the bed for separation. The process of separation was 
monitored by collection of fractions and subsequently 
performing some method of identification and quantitation. 
The major disadvantage of using LC was the long time 
required for separation. Because packed columns were 
gravity fed, separations could take hours or even days.
The solution to this problem was introduced by Huber 
and Hulsman in 196758. They suggested that the separation 
time in liquid chromatography could be reduced if a high 
pressure drop was acceptable. The column performance 
could be improved by using regular packings with very 
small particles. They also discussed the theoretical 
aspects of solvent feed rate, separation time, pressure
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drop and column dimensions.
Since then the use of liquid chromatography as a 
means of separation has grown steadily. HFLC is now 
considered to be one of the most powerful separation 
techniques.
Basic Principles of Liquid Chromatography
Liquid chromatography utilizes the difference in the 
interactions of the components in the sample with the 
liquid mobile phase and a stationary phase. Because of 
these differences in the interactive forces, the 
separation of components can be achieved. The interaction 
of a component with the stationary phase is referred to as 
retention.
The degree of retention of a co m p o u n d  is a 
characteristic of the stationary and mobile phase used. 
The r e t e n t i o n  of a c o m p o u n d  can be e x p r e s s e d  
quantitatively as the retention volume. The retention 
volume is defined as the volume of mobile phase that flows 
through the column from the time the sample is introduced 
to the moment at which the maximum concentration of the 
sample reaches the detector. In practice when a fixed 
flow rate is used the retention of a compound is expressed 
as time. Retention times are more convenient to use and 
can be obtained directly from the elution chromatogram.
The retention time for a compound that does not 
interact with the stationary phase is known as the dead
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time (dead volume) of the chromatographic system. The 
retention time for any component that interacts with the 
stationary phase will be the sum of the dead time and the 
time (volume) required for the mobile phase to overcome 
the interaction of the solute and the stationary phase.
The column capacity factor K' is the usual method of 
indicating solute retention. It is defined as:
K -  = — t r  ~ t o
to
where:
to = the retention time of an unretained solute, and 
tr = the retention time of a retained solute.
Separation of two compounds can only be achieved if 
they have different column capacity factors.
The selectivity, o£., of a chromatographic system can 
be expressed:
_ trb - typ
t r a  -  t r o
Separation of the two components A and B will only be 
achieved if this ratio is greater than unity.
This factor however, does not consider the diffusion 
of the solutes as they migrate through the column. The 
resolution of components into discrete bands will only 
occur if the bands widen to a lesser extent then their 
maxima separate. The resolution of two adjacent peaks can 
be expressed:
where: TRa and are the retention times of compounds A
and B respectively, and W a and are the base line widths 
of compounds A and B respectively and compound B is 
retained longer in the column. Because in practice the 
peak shapes approximate a Gaussian distribution rather 
than an isosceles triangle, when R = 1, there is still a 
slight overlap of the peaks (about 295). A R = 1.5 (0.0395 
overlap) is normally considered complete separation (ie. 
baseline resolution).
A more useful equation describing the resolution of two 
solutes is:
R = k 4K («*--!/° 0 ( K b  / Kb + 1)
This equation described the resolution in terms of the 
selectivity (nature of chemical interactions related to 
the two phases used), the capacity factor (indicating the 
extent of phase interaction) and an efficiency term (N 
number of theoretical plates). The improvement of the 
resolution between two peaks using the efficiency term 
would require a considerable increase in the number of 
theoretical plates due to the square root function. Thus, 
resolution can best be improved by changing the values of 
the selectivity and capacity factors.
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Basic Instrumentation
The main components of a HPLC chromatograph are (1) a 
high pressure pump (2) an injector or injection port for 
sample introduction, (3) the separation column, (4) the 
detection system, and a data output device.
Pumps most commonly used are constant pressure pumps 
and constant flow or reciprocating pumps. These pumps can 
operate at pressures up to 5000 psi and can deliver the 
mobile phase at a constant flow, between 0.0 and 9.9 
ml»/min. When operating at high detector sensitivity, a 
pulse dampener may be required to minimize the pulsations 
and reduce baseline noise.
Sample Injection Devices
There are basically three types of injection systems, 
syringe injection, injection values and a u t o m a t i c  
injection systems. On column syringe injection systems 
n o r m a l l y  give the most efficient c h r o m a t o g r a p h i c  
results59. Syringe injection may be made through a septum 
injector similar to those used in gas chromatography or 
using a septum less system.
Injection values operate by loading a sample loop 
while the mobile phase is pumped via a by-pass system to 
the column. By means of a switching value the flow of 
mobile phase is diverted through the loop carrying with it 
the sample solution onto the column.
The sample loops are readily available over a wide
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volume range (0 to 100 ul) and provide very reproducible 
injection. The major disadvantage of this type of sample, 
injector is that excess sample is required to fill the 
injected loop.
The combination of a loop injector with a micro 
syringe and a zero volume fitting is referred to as a 
syringe - loop injector. The sample loop is initially 
filled with mobile phase. The zero volume fitting allows 
the sample to be injected into the sample loop, displacing 
an equal volume of mobile phase. The valve is then 
rotated and the sample is carried onto the column by the 
mobile phase. The Waters UK injector used for HPLC - AA 
operated on these principles.
Columns
HPLC columns are normally made of stainless steel 
tubing. Columns are usually twenty centimeters in length 
(although column may be 3 cm to 30 cm long) with internal 
diameters of between 2.1 and 4.6 mm. Column packing 
materials currently used in HPLC lie in the range from 
three to seven m i c r o m e t e r s  in diameter, although 
occasionally larger diameter packings may be used. Four 
different types of HPLC columns are available. They differ 
in their retention mechanism, each will be briefly 
discussed below.
Liquid - liquid chromatography involves the use of a 
liquid stationary phase and a liquid mobile phase. The
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stationary phase may be coated on an inert support or 
c h e m i c a l l y  b o n d e d  to the s u p p o r t  m a t e r i a l .  The 
partit i o n i n g  of the s ample c o m p o n e n t s  b e t w e e n  the 
stationary and mobile phase leads to differential rates of 
migration, and thus separation of the sample components.
The two major categories of liquid - liquid 
chromatography are normal phase and reverse phase. In 
normal phase chromatography, a polar liquid stationary 
phase (polyglycols, ethers) is used with a non-polar 
mobile phase (hexane). Normal phase chromatography is 
normally used to separate organic compounds. If the 
stationary phase is non-polar (ie. hydrocarbon), and 
the mobile phase is polar (ie. water) the technique is 
referred to as reverse phase chromatography.
Liquid - Solid chromatography uses a solid stationary 
phase and a liquid mobile phase. Solutes are retained 
according to their affinity for the adsorbant surface. 
This method is very sensitive to compound type thus 
complex mixtures may be separated into classes having the 
same functional group.
In ion exchange chromatography, the chromatographic 
support contains ions which are capable of being exchanged 
with ionic solutes in the mobile phase. Ion exchangers in 
HPLC normally utilize a bonded quaternary ammonium group 
for the separation of anions and a bonded sulphonic acid 
croup for the separation of cations. There are two
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Important variables affecting separation efficiency. 
First, by increasing the ionic strength of the eluent the 
solutes will elute faster if an ion exchange mechanism is 
operating. Second, the pH of the eluent controls the 
ionization of the samples to be chromatographed and the 
degree of ionization of the exchange group of the 
stationary phase.
Exclusion c h r o m a t o g r a p h y  is the n a m e  given to 
separations which occur due to differences in the 
molecular weight and shape of the solutes being separated. 
The retention time is a function of molecular size. Large 
species will be unable to penetrate and by retained by 
the pores of the column packing and therefore they elute 
first. Lower molecular weight species are free to diffuse 
into the pools of mobile phase held in the internal pores 
of the column packing, consequently they will be retained 
longer and will elute in reverse order of molecular 
weight. In practice, a molecular weight difference of 10%
or more is required to obtain separation.
HPLC Detectors
Many different detection systems have been developed 
for HPLC. Several good reviews on HPLC detectors are 
present in the literature,®®'®^ more detectors are in 
development for use with HPLC.
The most widely used detector in HPLC is the UV
detector. The change in UV absorption as the solute
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(usually in a UV transparent solvent) passes through a 
flow cell is measured. UV detectors are concentration 
sensitive and can be extremely sensitivefl in 109 ). 
However, not all molecules possess a sufficiently strong 
chromophore for satisfactory UV detection.
Refractive index detectors function by measuring the 
change in refractive index in the eluent as the solute 
flows through the sample cell. Because the refractive 
index of a solute is temperature dependent, the detector 
temperature must be controlled. Refractive index detectors 
have the advantage of being more versatile than UV 
detectors however, they are less sensitive.
In a fluorescence detector the solute is excited by 
UV radiation of a given wavelength (excitation wavelength) 
and the fluorescence energy which is emitted at a longer 
wavelength (emission wavelength) is detected. Careful 
selection of both excitation and emission wavelength can 
give increased selectivity and sensitivity.
Electrochemical detectors are useful for compounds 
that undergo oxidation or reduction in the presence of an 
e l e c t r i c a l  p o t e n t i a l .  The r e s u l t i n g  c u r r e n t  is 
proportional to the quantity of the electroactive species 
e l u t i n g  f r o m  the c o lumn. S e v e r a l  d e s i g n s  for 
electrochemical detectors have been published in the 
literature62. Their sensitivity is comparable to UV 
detectors (ie. 1 part in 109 ). Other detectors used for
HPLC are electron capture detectors®3 , electrical 
conductivity detectors, infared (IK) detectors6 4 , and 
radiometric detectors66.
In general a HPLC detector should have good 
sensitivity and low dead volume. The detector should be 
insensitive toward temperature changes and mobile phase 
pulsation, and be convenient and reliable to use.
History of Inductively Coupled Plasma
The first paper to describe an inductively coupled 
plasma was that of Babat in 1942. He was the first 
individual to sustain an e 1ectrode 1ess p l a s m a  at 
atmospheric pressure 6 6 . Twenty years later T. B. Reed 
described some exceptionally effective ways of forming and 
stabilizing argon supported iCP's67'68. However the use of 
ICP as an analytical tool was first described by Stanley 
Greenfield in 1964 at Albright and Wilson Ltd69.
In 1964 at LSU David Truitt, a former LSU student 
used ICP to study the electronic spectra emitted from a 
radio frequency plasma. The sensitivity of the PO (3245 
A), CN (3883 A) and C 2 (5165 A) emission signals was 
determined70. The radio frequency generator was operated 
at a frequency of eight MHz and was provided by the 
Department of the Army Edgewood Arsenal Physical Research 
La boratory for research in nerve gas detection. 
Publication of some of this work was prevented because it 
was classified at that time. The generator supplied to us
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by the Army was modified to obtain the highest frequency 
possible from this source and used in this study.
Dickinson and Fassel reported using ICP for the 
determination of elements at the nanogram per milliliter 
level. These achievements were almost completely ignored 
by the analytical community until approximately 197571. 
Lack of interest was p r e d o m i n a t e l y  due to poor 
reproducibility and high background.
The revival of ICP atomic emission spectroscopy was 
primarily due to three factors. First, analysts were 
faced with the necessity of determining many elements in 
more and more samples. Second,there was the important 
advantage of the simultaneous determination of many 
metals. The third factor was the successful development of 
inductively coupled plasma as vaporization - atomization - 
excitation - ionization cells (VAEI) for analytical atomic 
spectroscopy. These factors constituted a need and an 
opportunity that naturally lead to an advancement in the 
field.
Using a plasma as a VAEI source provided several 
distinct advantages over flames. First, high temperatures 
were attainable in a plasma. Second, because the plasma 
was sustained by pure argon the free atom lifetimes were 
prolonged. Finally, because the discharges were 
electrodeless there was no contamination from electrode 
materials^ .
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Most of the early ICP's plasma made use of carrier 
gas flow patterns and e x citation frequencies which 
resulted in a tear drop shaped plasma [figure 15]. The 
very high plasma core temperature prevented efficient 
sample penetration into the hottest region of the plasma. 
This resulted in inefficient desolvation and excitation. 
Independently, Fassel and Greenfield pioneered the 
development of donut shaped ICP's. Figure 16 shows the 
toroidal shape and improved sample penetration with a 27 
mHz ICP73.
At high frequencies, current conduction was localized 
near the conductor surface. The skin depth was defined as 
the distance from the conductor surface at which the 
current was [1/e] of its surface value. It was inversely 
proportional to the square root of the excitation 
frequency. Thus, as the frequency was increased, the 
circular eddy current paths became more localized near the 
outer regions of the plasma3®'73.
At suffic i e n t l y  high frequencies an annular or 
toroidal plasma shape was obtained. This resulted in a 
cooler p l a s m a  core along the discharge axis w i t h  a 
corresponding reduction in the aerodynamic barrier to 
sample introduction37.
Detection limits in the range 0.1 to 10 ng/ml were 
obtained for most metallic elements. A linear dynamic 
range of four orders of m a g n i t u d e  or greater was
obtained35,73. Thus a variety of samples and elements may 
be determined simultaneously.
Basic Principles
In the simplest terms a plasma is an electrically 
neutral highly ionized gas composed of ions, electrons and 
neutral particles. Magnetic fields may readily interact 
with plasma and one of these interactions is an inductive 
coupling of time-varying magnetic fields with the plasma, 
analogous to the inductive heating of a metal cylinder 37.
Argon gas flows through a quartz tube placed inside a 
coil connected to a high-frequency generator. When the 
generator is turned on nothing happens. To form a plasma 
it is necessary to plant a "seed" of electrons in the coil 
space. This may be done by introducing an ungrounded 
carbon rod, or by means of a Tesla coil. The plasma then 
ignites spontaneously.
The high-frequency currents flowing in the induction 
coil generate oscillating magnetic fields whose lines of 
force are axially oriented inside the quartz tube and 
follow eliptical closed paths outside the coil [figure 
17]. The induced axial magnetic fields, in turn, induce 
the seed of electrons and ions to flow in closed annular 
paths inside the quartz tube space. The induced magnetic 
fields are time-varying in their direction and strength, 
thus, the ions and electrons are accelerated on each half 
cycle. The accelerated particles meet resistance to their
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flow, Joule or ohmic heating is a natural consequence, and 
additional ionization occurs37.
A plasma formed in this manner has an appearance of a 
very intense, brilliant white, semi-transparent, core with 
a flame-like tail.
The hottest region of the plasma is located inside 
the outer tube and extends a few millimeters above the top 
of the induction coil. As the sample particles pass 
through this region they experience a gas temperature of 
9000°K to 10,000°K [figure 18]. This region emits an 
intense c o ntinuum in addition to a fully developed 
spectrum of neutral argon ^3 . Because of the high 
continuum emission, radiation from the plasma core has 
little analytical use.
Above the plasma core there is a region which extends 
2-3 cm above the coil. By the time the decomposition 
products reach this region they have had a residence time 
of about 2 milli-seconds at temperatures ranging from 
5500°K to 8000°K, a temperature of about twice that of 
nitrous oxide-acetylene flames. This zone is also bright 
but slightly transparent. The continuum emission is 
reduced by several orders of magnitude and it is this 
region that is most useful for analytical applications.
Above this zone there is an extended tail flame 
region of relatively low temperature. This zone is barely 
visible but assumes typical flame colors when analytes are
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EXPERIMENTAL
Apparatus
A block d iagram of the liquid c h r o m a t o g r a p h  - 
inductively coupled plasma spectrometer {LC - ICP) is 
shown in figure 19.
Liquid Chromatography 
Liquid chromatography was used to separate the 
chemical forms of manganese in sweat and urine. Utilizing 
a reverse phase column, ionic forms of the element would 
be eluted first and subsequent non-ionic organically bound 
forms w ould then be eluted depending on the ionic 
character of the metal complex.
The solvent reservoir was machined from a rod of 
stainless steel. It had a capacity of about 800 ml and 
could be pressurized to 850 psi with gas from a nitrogen 
tank. An injection port and valves, placed between the 
reservoir and the LC column allowed sample injection to be 
made with a microliter syringe. The sample passed into 
the LC column where separation of the sample components 
took place. Initially, a standard twenty five centimeter 
column from Whatman, Inc. packed with silica gel was used.
Interfacing the LC and Plasma 
Commonly used inductively coupled plasma atomic 
emission spectrometers (ICP's) frequently exhibit a memory 
effect.74 This memory effect resulted from two factors.
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First, standard ICP nebulization chambers have large 
interval volumes [figure 20]. Since the gas flow rate 
through the chamber was low, it was possible for a 
component from the LC column .to enter the chamber and not 
leave before a closely following component also entered the 
chamber. Thus two components, which had been separated by 
the LC column were partially or totally recombined.
Second, the l a r g e  s u r f a c e  a r e a  i n s i d e  the 
nebulization chamber, ICP torch and connecting tubing 
provided a vehicle for sample deposition. The deposited 
sample may later be washed off the surface, contaminating 
later samples.
Another disadvantage of standard ICP nebulization 
systems was the low analyte transport efficiency, only 1 - 
29s 7 5 »76, Thus, much of the potential sensitivity was 
lost because very little of the sample reached the plasma. 
The LC-ICP interface was designed to overcome these 
problems.
The interface consisted of a cross flow nebulizer 
[figure 21] similar to that commonly used with LC-AA77. 
This nebulizer design had proved capable of reducing the 
LC effluent to a spray of very fine droplets. The 
nebulizer replaced the center (sample introduction) tube 
in the ICP.
Plasma Torch
The p l a s m a  torch [figure 22] consisted of two
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concentric quartz tubes which were held in place by a 
brass base. The outer quartz tube had a 2.5 cm OD and was 
12 cm in length. The inner quartz tube had a 1.3 cm OD 
and was 11 cm in length. The torch base has inlets for two 
argon flow streams. A tangential argon stream spiraled up 
through the torch, between the quartz tubes, at a flow 
rate of ten to fifteen h/min. This argon provided cooling 
for the quartz tubes. The auxiliary argon flowed in a 
laminar fashion up through the center quartz tube. This 
flow stream provided the argon to sustain the plasma. The 
cross flow nebulizer was centered in the torch base so 
that the nebulized sample was sprayed into the bottom of 
the plasma.
A second design was developed to prevent melting of 
the center quartz tube. The center tube was flared at the 
top to prevent melting of the quartz tubes by increasing 
the linear flow rate of the cooling argon [figure 23]. The 
top two centimeters were flared to decrease the distance 
between the inner and outer quartz tubes to 0.5 cm.
Radio Frequency Generator
The ICP was powered by a 5 k W , radio frequency 
generator Lepel model T-5-3MC-J-B at a frequency of 11.8 
MHz. A 3 1/2 turn induction coil from the rf generator, 
made of 1/4 inch (0.64 cm) diameter copper tubing, was 
wrapped around the top of the plasma torch, this carried 
the rf current and induced magnetic fields which generated
the plasma.
M onochromator. Detector and Amplifier
The spectrophotometer (Beckman model DB-G) taken from 
a Beckman (Model 1301) atomic absorption spectrometer, 
provided the monochromator, photomultiplier tube (PMT), 
detector and amplifier.
A convex front surface mirror was used to reflect and 
focus radiation from the plasma onto the slit of the 
monochromator. A Sargent Welch recorder (model SRLG) was 
used to record the emission signals.
M o di f i cations for the ICP jt o be used for Atomic 
Absorption
Atomic absorption has several distinct advantages 
over emission. The great majority of free atoms exist in 
the ground or unexcited state and contribute to the 
absorption signal. In atomic absorption, it is only 
n e cessary to measure 1^ and I0 in order to measure 
absorption. It is frequently easier to measure this ratio 
rather than to measure absolute quantities, particularly 
when the effect of interferences must be corrected for to 
obtain accurate results. Molecular and atomic spectral 
interferences which are a problem in atomic emission can 
be eliminated in atomic absorption spectroscopy by the use 
of modulated equipment. For a more detailed explaination 
of modulation equipment and interferences see chapter 1 on 
atomic absorption.
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A block diagram of the ICP-AA spectrometer is shown 
in figure 24 and is described below.
Liquid Chromatography
The liquid chromatograph used was a Waters Associates 
0-6000psi Model DRA and a Waters Associates Model U6K 
injector. This system provided much greater control over 
sample flow rate than the previous LC system. The use of 
a reciprocating pump provided a smooth continous flow of 
sample through the plasma.
Optics
The light path for the atomic absorption was designed 
to collect the sample after it had passed through the 
p l a s m a .  T h e  l i g h t  p a t h  w a s  c o n s t r u c t e d  of 
spectroscopically pure quartz in the shape of a "T". A 
diagram is given in figure 25. The crosspiece was 15 1/2 
cm long with an ID of 2.5 cm. The stem of the "T" was 5 
cm long with an ID of 2.5 cm. Two quartz disks were fused 
to the ends of the crosspiece; this served as the optical 
light path. This light path was designed to contain the 
sample in the inert argon atmosphere, providing the 
advantagages of atomic absorption and minimizing oxide 
formation that makes flame atomic absorption of manganese 
impossible for trace levels of this element.
The high coolant argon flow rate of 6 to 10 L/min, 
r e q u i r e d  to p r e v e n t  m e l t i n g  of the q u a r t z  tube 
necessitated its removal if LC-ICP was to provide the
sensitivity required for the determination of trace metals 
in biological samples.
A doughnut shaped, copper water cooled deflector was 
necessary to remove the coolant argon to prevent dilution 
of the sample. A diagram is given in figure 26. The 
skimmer or deflector was machined from copper to minimize 
coupling with the radio frequency field. The shape of the 
skimmer was designed with the help of Dr. Robinson to 
minimize the amount of coolant argon entering the light 
path and facilitate the complete transfer of sample into 
the light path. The quartz light path was placed directly 
above the deflector to collect all the sample that passed 
through the plasma.
The top of the outer quartz tube used in the torch 
was modified to help remove the coolant argon. The top of 
the tube was flared in order to divert the coolant argon 
stream away from the light path, [figure 27] Together the 
modifications made to the outer quartz tube and the use of 
the s k i m m e r  to remove the coolant argon made this 
technique attractive for the sequential determination of 
trace elements in complex biological samples.
A commercial hollow cathode lamp was used. The lamp 
was a Perkin Elmer [Model 303-6043] and was operated using 
a current of 20 mA.
A mechanical chopper (motor by Arch Manufacturing Co. 
type U21) was used. The chopper created a modulated
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Excess coolant argon is skimmed off and the enriched 
sample enters the quartz "T" shaped light path.
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signal from the light source which was then directed 
through the light path of the atomizer. Emission of light 
in the light path by excited atoms, on return to their 
ground state was DC emission and was not detected. The 
use of a chopper eliminated spectral interferences due to 
emission by components of the sample.
Plano-convex lenses were used to focus the source 
radiation on the light path of the furnace and on the slit 
of the monochromator.
Chemicals and Solutions
All c h e m i c a l s  and s o l u t i o n s  w e r e  d e s c r i b e d  
previously.
Analytical Procedure
Plasma Initiation 
To initiate the plasma it was necessary to operate 
with pure argon in all three streams. The power on the 
radio frequency generator was set at twenty percent, the 
coolant flow was 6et at six L/min, the plasma flow set at 
fifty mL/min, and the flow through the nebulizer set at 1 
mL/min. The plasma was initiated with a spark from a 
tesla coil. As soon as the plasma initiated, the coolant 
flow was increased to 10 L/min to prevent the quartz tubes 
from melting.
The power and the coolant flow were then increased 
simultaneously to stabilize the plasma. Once the plasma 
had stabilized the sample was introduced into the plasma.
RESULTS AND DISCUSSION
Development of an Interface Between the LC and ICP 
Commercial sample introduction systems all use spray 
chambers to transport the sample into the plasma, [figure 
20] The use of spray chambers make sample introduction 
into the p l a s m a  easier but resulted in a loss of 
resolution. To maintain the separation from the liquid 
chromatograph column we needed a method of introducing the 
sample directly into the plasma.
First Interface Design
The first interface was designed to provide direct 
transfer of the separated sample from the LC directly into 
the plasma. The end of the column connected directly into 
the side arm of the nebulizer and argon gas was used 
produce a fine spray of sample into the plasma.
The first interface design [figure 21] suffered from 
two problems. One p roblem was that the. end of the 
nebulizer was about 10 cm from the bottom of the plasma. 
In comparison, the standard ICP aerosol injection tube was 
only a few millimeters below the plasma. Because the LC- 
ICP interface nebulizer was so far below the plasma, it 
could not efficiently inject samples into the plasma. The 
length of the nebulizer could not be increased because of 
machining difficulties. The other problem with this 
nebulizer design was that the argon flow rate (about 0.5
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L/min) was not sufficient to nebulize the liquid 
effectively. The nebulizer argon flow rate could not be 
increased without extinguishing the plasma. The inner 
diameter of the nebulizer could not be decreased to allow 
efficient nebulization without decreasing the length of 
the nebulizer again due to machining difficulties.
Second Interface Design
The length of the first interface could not be 
increased due to machining difficulties, therefore a glass 
capillary was cemented inside a brass base. The base 
provided the cross flow n e b u l i z a t i o n  and the glass 
capillary carried the sample to the base of the plasma.
The second design [figure 21] proved itself capable 
of effectively nebulizing the sample into the plasma, 
however when manganese standards were nebulized into the 
plasma no emission signal was observed. The alignment of 
the optics was checked and the entire analytical region of 
the plasma was checked but only a very small emission 
signal from manganese was observed on top of a large 
background emission spectrum of argon.
To check the efficiency of transport of the nebulizer 
a strontium sample was run. A very strong strontium 
emission line was observed. Strontium has a very low 
ionization potential and its emission spectrum is easily 
observed even in cooler flames.
Impedance Matching
Observations indicated to us that we were not getting 
efficient power transfer from the plasma to the sample. 
There may be several reasons for this. One possibility is 
that when a sample is injected into a plasma the impedance 
of the plasma changes. Thus, conditions that facilitate 
the initiation of the plasma are not the optimal operating 
conditions. Other workers have used automated impedance 
mat c h i n g  systems that tuned the system to m i n i m u m  
reflected p o w e r ® 1 . This a u t o m a t e d  system was not 
available to us and, when the system was tuned to provide 
maximum power transfer to the sample injected into the 
plasma, the plasma was very difficult to initiate.
ICP - AA
An attempt was made to convert the plasma into an 
a tomizer for a tomic a b sorption spectroscopy. The 
instrument was modified as previously described [figure 
24]. It was thought that system would provide a method of 
s p eciation originally sought after in this study. 
However, using the plasma did not provide the sensitivity 
required to detect the trace levels of manganese present 
in biological tissues. This method eliminated the 
problem of the strong emission signals from the argon 
because atomic absorption spectroscopy is selective for 
the element being determined, used in the hollow cathode. 
However, absorption signals were only observed when 
standards of 100 ppm and greater were nebulized into the
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plasma.
This technique d e m o n s t r a t e d  the usefulness of 
coupling liquid chromatography to ICP for the speciation 
of metals in complex biological fluids, however the 
equipment available did not allow the determination of 
these metals at the trace level required.
After numerous attempts to increase the sensitivity 
of this method it was determined that the maximum 
frequency possible with the generator was only 11.8 MHz. 
As stated earlier, this results in a teardrop shaped 
plasma and the very high plasma core temperature prevents 
efficient sample penetration into the hottest part of the 
plasma. Thus samples were flowing around the plasma and 
not through the plasma.
Torch Modifications to Obtain a Torridal Plasma
The mean free path of an ion in a rf field is 
inversly proportional to the square root of the frequency. 
Consequently, as the frequency is increased, the mean free 
path of an ion in the field is decreased. The current 
paths become more localized near the outer regions of the 
plasma and a toroidal shaped plasma results.
Since the frequency could not be increased above 11.8 
MHz using the available equipment, the mean free path of 
the ions could not be decreased. It was possible in theory 
to increase the diameter of the torch so that the ions in 
the field were localized near the outer regions of the
larger torch. This should result in a toroidal shaped 
plasma even at the lower frequency.
Because, commercial instruments operated at 27 MHz, 
it was believed that doubling the diameter of the torch 
used at 11.8 MHz should result in the currents localizing 
at the outer regions of this new larger torch. This 
belief was based on the following estimation.
Hr  MHz"" 411.8" MHz
Thus doubling the size of the torch should result in 
the same frequency to torch size ratio used in commercial 
instruments. Therefore, a new torch was constructed with 
an 50 mm OD and a new coil for the rf generator was made 
exactly fitting around the larger quartz torch. All the 
other dimensions previously described remained the same.
Despite numerous attempts to make this system work, a 
plasma could not be sustained using this larger torch. 
Furthermore, the larger torch resulted in the use of 
exorbitant amounts of argon (30 to 40 L/min) to prevent 
the melting of the quartz tubes.
Since funds were not available for the impedance 
matching equipment or a new generator the project was 
abandoned. This was unfortunate since the technique held 
the potential of multielement speciation of complex 
samples such as blood plasma, urine and other body fluids.
No sample preparation should be necessary thus great 
reducing error, and the high sensitivity should provide 
method of widespread utilization.
PART TWO
EFFECTS OF ALUMINUM AND DECAYING VEGETATION 
ON AQUATIC LIFE EXPOSED TO ACIDITY
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GENERAL INTRODUCTION
ALUMINUM IN THE ENVIRONM ENT
History and Chem ical Properties
Despite its abundance in nature, aluminum was not
discovered until fairly recently in scientific history.
Wohler is credited with the discovery of aluminum as a
result of the first isolation of the metal in 1927 and by
7ftvirtue of his description of its properties'0. Improving 
on the method of preparation in 1854, Sainte-Claire 
Deville used sodium as a reductant to produce large 
quantities of pure aluminum78. Also in 1854, Deville in 
France and Bunsen in Germany independently discovered a 
method of purification using electrolysis of fused sodium 
aluminum chloride78. The basis for the present industrial 
method of p r oduction of a l u m i n u m  was discovered 
independently in 1886 by Paul-Louis Htroult in France and 
Charles Hall of the United States78. Aluminum oxide was 
dissolved in a sodium fluoride - aluminum fluoride fusion 
and electrolyzed with direct current. As a result, carbon 
dioxide was discharged on the carbon anode and aluminum 
was deposited on the cathode.
Pure aluminum is a silver white metallic element 
which is soft and lacks strength. It is solid below 
669.2°C and liquid below 2494°C78. The density of aluminum 
at 25°C is 2698 k g/m3 , about one third that of ferrous
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alloys2. Although a relatively soft pure metal, its 
alloys have a high strength to weight ratios78. Aluminum 
is soluble in dilute mineral acids but in its pure form is 
highly resistant to acid attack because of a protective 
oxide film2. If this oxide film is eliminated, even water 
c an r a p i d l y  a t t a c k  the a l u m i n u m .  The e l e c t r o n  
c o n figuration of the atom is I s 2 2 s 2 2p6 3 s 2 3 P 1 .
Aluminum has a valence of +3 in all compounds except in a 
few high temperature monovalent and divalent gasous 
compounds78.
Aluminum is the most abundant metal in the earths 
crust, constituting 8.835 by mass, and is a major part of 
ordinary soil and clay79. The concentration of aluminum in 
the environment in unpolluted areas has been found to be: 
atmospheric 1-12 mg/m9 [79]
sea water 0.01 mg/liter [80]
freshwater 12-2550 mg/liter [81]
soil 10,000-300,000 mg/kg [79]
Despite the abundance of aluminum, it is a small and 
unimportant constituent of living matter and furthermore 
is not known to serve any useful purpose or essential 
function in plants, micro organisms, or animals®. 
Researchers once believed that under naturally occuring 
conditions, aluminum did not constitute a toxic hazard to 
man or domestic animals82. However, aluminum has recently 
been linked to acid rain as a danger to aquatic life.
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Aluminum has been found to be a toxic hazard to aquatic 
life as the acidity of our watersheds increases. The 
chemical species of aluminum are pH dependent, with some 
of these species being harmless while others are highly 
toxic.
Aluminum in Soil
Exchangeable aluminum is aluminum extracted from acid 
soils with neutral salts. Exchangeable aluminum was first 
observed by Veitch 83 in 1904 and c o n f i r m e d  by 
investigators since that time84,8®. In 1925, Magistad 88 
published his work on the soil chemistry of aluminum and 
stated that the aluminum content of the soil is primarily 
a function of pH. Further investigation by Pierre and 
co-workers8  ^ suggested that aluminum solubility is much 
more complex than Magistad believed, and found that 
aluminum extracted with solutions at pH 4.0 may contain 
from 1.5 ppm A1 to 27.2 ppm Al. Furthermore, Sanzha 78 
stated in 1941 that high organic matter had been observed 
to mitigate the toxic effects of aluminum in podzolic 
soils.
Aluminum in Plants
Most plants, including edible grasses and clovers, 
contain about 15-20 ppm of aluminum on a dry weight basis, 
with greater amounts in the leaves than in the stems. Most 
trees and herbaceous species have been reported to contain 
200 ppm Al on a dry weight basis. However, a few species
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of trees and ferns habitually accumulate aluminum with 
values of 3000 to 4000 ppm quite, common88.
Aluminum in Food
Due to the abundance and widespread distribution of 
aluminum in nature, it is a natural ingredient of many 
food products.
The percent soluble aluminum has been determined in 
dilute hydrochloric acid for a n u m b e r  of foods. 
Researchers have determined that the aluminum present in 
corn and carrots is completely soluble whereas wheat flour 
and sunflower seeds contain only a trace of soluble 
aluminum89. The daily dietary intake of aluminum has 
been estimated to be 50 milligrams per day5.
Aluminum compounds added to foods represent only 
about 1 / 2 %  of the dietary intake of aluminum. For example, 
Alum (sodium aluminum sulfate) is added to cucumber 
pickles to preserve their firmness and is the primary 
ingredient in baking powders.
The general use of aluminum in cooking utensils began 
in 1900. After numerous studies, investigators concluded 
that the quantities of aluminum that might be dissolved 
from aluminum cooking utensils were too small to be of any 
consequence82.
Aluminum in Water
The increased solubility of metals with decreasing pH 
due to f o rmation of aqueous metal ions has great
environmental interest. Most of these metals are toxic 
to plant and animal life.
Municipal sludge, fertilizers, and soil contain 
metals, which might be of insignificant interest, unless 
the pH is decreased as a result of acidic precipitation in 
areas with low pH buffer capacities90. The resulting metal 
species are often highly toxic. Figure 28 demonstrates 
this relationship for aluminum ions in the lakes of Sweden 
and Norway^9 .
The effect of acid rain on dissolved aluminum in New 
Hampshire waters was studied by Johnson et al .9:1. The 
water in this area had been monitored since 1963, and the 
ambient acidity of the water was found to be primarily due 
to inorganic acids, principally H 2S04 and HNOg. They 
found that the total aluminum dissolved in the lake varied 
as a function of pH. They presumed from these data that 
the aluminum must be present as a relatively soluble 
mineral [probably A1(0H)3 ] and that it was largely 
responsible for neutralizing the acid rain falling on the 
watershed. Johnson and coworkers later determined that 
the upper reaches of the w a t e r s h e d  contained more 
inorganic aluminum than the lower reaches. These inorganic 
a l u m i n u m  c o m p o u n d s  i n c l u d e d  free a q u e o u s  ions 
[Al (H20)63 + ] , aluminum hydroxide complexes, aluminum 
fluoride complexes, and, to some extent, aluminum sulfate 
complexes. The opposite pattern was found for organically
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FIGURE 28 CONCENTRATIONS OF TOTAL ALUMINUM AS A FUNCTION 
OF pH IN SWEDISH LAKES DURING SUMMER AND 
AUTUMN 1979
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complexed aluminum, its concentration steadily increased 
in the downstream direction. A strong direct correlation 
was observed b e t w e e n  d i ssolved organic carbon and 
organically complexed aluminum in these waters91. As the 
concentration of dissolved organic carbon compounds 
increased, the concentration of the organically complexed 
aluminum likewise increased.
Neutralization of Acid Rain
Dissolved a l u m i n u m  plays an important role in 
neutralization of acid rain. The hydrogen ions in acid 
rain are largely replaced by aluminum ions as the rain 
percolates down through the soil . In areas where acid 
rain has had no contact with soil, surface waters contain 
little aluminum in solution and have a pH approaching rain 
(pH 5.6} itself92. After the initial and rapid pH changes 
due to the dissolution of reactive alumina, further 
neutralization occurs more slowly as alkali and alkali 
earth cations are released into the s ystem by the 
decomposition of silicate minerals91. Thus reactive 
alumina from the soil acts as a buffer, via ion exchange, 
for the acid rainwater.
ALUMINUM TOXICITY
Pavan et^  a l . observed that the reduction in root 
growth correlated strongly with Al9+ ion concentration99. 
In areas that contain soils which are strongly acidic, 
common practice is to lime these soils on the basis of
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soil pH. More recently, Al 3 + has been recognized as the 
d o m i n a t e  c a t i o n  in a c i d  s o i l s  r e s t r i c t i n g  crop 
growth9^'". High concentration of exchangable aluminum 
in soil adversly affects crops such as corn, cotton, and 
coffee. Liming alters the distribution of aluminum 
species by decreasing the concentration of Al 3 + and
increasing the concentration of aluminum bound with OH-
96 ions3D .
Aluminum, once thought of as biologically inert, is 
now known to be toxic to humans under certain conditions. 
For example, aluminum is toxic to patients with renal 
disease97. This toxicity is most evident when water 
supplies contain over 50 mg/L a l u m i n u m  added as a 
flocculating agent. Furthermore, s u stained oral 
ingestion of aluminum compounds as phosphate-binding 
agents or antacids causes an increase in tissue levels of 
aluminum. The adverse effects of aluminum are most 
evident in patients suffering dialysis dementia, a 
progressive series of neurological disorders leading 
ev entually to d e a t h 9 8 . A l u m i n u m  toxicity is also 
associated with bone disease and an unusually severe form 
of anemia99. The role of aluminum is not known in detail, 
but r e s e a r c h  has s h o w n  t hat e l e v a t e d  a l u m i n u m  
concentrations are found in various areas of the brains in 
p a t i e n t s  s u f f e r i n g  f r o m  A l z e h e i m e r ’s p r e s e n i l e  
dementia100.
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THE CHEMISTRY OF ALUM INUM IN WATER
When an aluminum salt of a noncomplexing acid is 
dissolved in pure water, it dissociates to form the free 
aluminum "aquo" ion, A1(H20)63+. Solutions of aluminum 
i o n  a r e  a c i d i c  b e c a u s e  of t he h y d r o l y s i s  
equilibrium101'102
A1{H20)63+ + H 20 = A1(H20 )5 o h 2 +  +  h 3 o +
Progressive hydrolysis of the aluminum ion leads to the 
univalent ion and finally colloidal aluminum hydroxide, as 
follows
A1(0H)2+ + H 20 = A1{0H)2+ + H+
A1(0H)2+ + H 20 = A1(0H)3 + H+
In basic solutions, aluminum hydroxide exhibits its 
amphoteric nature by conversion to the aluminate anion 
A1(0H}3 + H 20 = A1{0H)4“ + H+
This represents the apparent limit for the hydrolysis of 
Al3+, further hydrolytic species have not been reported103.
Dissolved a l u m i n u m  has a strong tendency form 
dimeric, oligomeric, and polymeric species104. This 
tendency is enhanced as the ratio of aluminum-bound 
hydroxide to aluminum increases from 0 to 3. Dimerization 
of the bivalent cation Al(H20)5 (OH)2+ proceeds with the 
loss of two molecules of water to give Al 2 (OH)2 (H 20 )04+- 
Three dimers may combine in ring formation as follows 
3A12(0H)2(H20)84+ A16 (0H)12(H20)126+ + 6H30+
For this hexomer the 0H:A1 ratio is 2. Combination of
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many such hex o m e r s  in parallel sheets results in 
construction of the mineral gibbsite, which has an 0H:A1 
ratio of 3, corresponding to the electrical neutrality of 
the molecule105.
According to Smith and Hem106, when hydroxide is added 
to a solution of an aluminum salt, within 24 hours the 
concentration of monomeric aluminum [Al3 + , A1(0H)2+,
A l {O H )2+ r and A1(0H)4~] will have stabilized, while 
polymeric aluminum hydroxide is gradually converted to 
larger units.
Thus, an organism in contact with a freshly prepared 
solution of aluminum may be exposed to a spectrum of 
hydrated a l u m i n u m  species, w i t h  different toxic 
potentials. An aged solution may exert a different order 
of toxicity due to lower concentration of monomeric
1 0 7species and the absence of intermediate polymers^ .
A l u m i n u m  is capable of forming six different 
complexes with fluoride ion as follows108 
Al3+ + F" = A1F+2 
A1F+2 + F“ = A1F2+
aif2+ + F" = aif3
A1F3 + F“ = A1F4“
A1F4“ + F“ = A1F52“
A1F52_ + F“ = A1F63- 
The similar formation of chloride complexes in water is 
not observed.
Aluminum also forms complexes with sulfate, although 
the stability constant for sulfate complexes are much 
smaller than those for fluoride109. However because 
sulfate is a much more important constituent of most 
natural waters, sulfate complexes may be as prevalent as 
fluoride forms. Complexing ligands, such as fluoride and 
sulfate, that are present in water will increase the 
amount of dissolved aluminum in equilibrium with solid 
aluminum hydroxide. The levels of free and complexed 
aluminum for various combinations of aluminum, fluoride, 
sulfate and hydroxide can be derived from graphs prepared 
by Robertson and Hem105.
METHODS OF DETERMINATION OF ALUMINUM
Colorimetric Analysis 
Ferron Method
Total aluminum can be determined in water using 
Ferron (8-hydroxy-7~iodo-5-quinoline sulfonic acid) to 
give a true solution110'111. The detection limit using 
this method is 50 ug/L. Aluminum reacts with Ferron to 
give a complex, and the absorption at 370 nm can be read 
immediately. The only significant interference is from 
iron, which can be avoided by reducing the iron with 
h y d r o x y l a m m o n i u m  chloride and c o m p l e x i n g  it w ith 
orthophenanthroline. Iron may then be determined by 
measuring the absorbance at 520 nm. This method has the 
advantage that iron may be determined in the presence of
aluminum, but the absorbance at 320 nm must be corrected 
for the iron contribution. Several other metals, such as 
manganese, lead, cobalt, and fluoride show small 
interference effects.
James and coworkers11  ^ modified the ferron method 
to determine labile and total aluminum. To measure total 
aluminum, samples were digested with nitric acid. Then 
-8-hydroxyquinoline in an acetate buffer is added to the 
samples which are shaken vigorously. The complex and 
unreacted dye is then extracted into butylacetate and the 
absorbance at 395 nm measured. The nonlabile aluminum 
complexed by fluorine, carbon, silicon, and hydroxide in 
the samples is calculated by subtracting the concentration 
of labile aluminum from total aluminum for each sample.
Erichrome Cvanine R Method
Erichrome cyanine R, a triphenyl methane dye also 
knows as Solochrome cyanine R, produces a red aluminum 
complex. Aluminum concentrations from 20 to 300 jug/L may 
be determined by measuring the absorbence of the pink 
aluminum-dye complex at 535nm19,113. The interference of 
iron and manganese is eliminated by the addition of 
ascorbic acid to the sample. The sample is then buffered 
to pH 6.0 and the dye is added. The absorbence must be 
measured immediately because the color begins to fade in 
15 minutes.
Alum inon Method
Aluminum reacts with aluminon, the ammonium salt of 
aurintricarboxylic acid, a triphenylmethane dye, to give a 
deep red color114. The test is carried out at pH 4 and is 
specific for monomeric aluminum ions. However, low 
molecular weight oligomers of aluminum hydroxide which are 
readily converted to monomeric ions will also be detected. 
The detection limit is approximately 0.02 mg/L. Fluoride, 
polyphosphate, and iron interfere with the test. Samples 
are boiled for fifteen minutes prior to reading the color 
intensity at 525 nm. A standard curve must be prepared 
for each batch of aluminon to compare known and test 
samples, because Beer's law is not followed over much of 
the concentration range.
Atomic Absorption and Emission
Aluminum may be determined directly by both flame and 
graphite furnace atomic absorption. Flame methods require 
the use of nitrous oxide-acetylene and are useful only to 
about 0.1 mg/L11^'118. Graphite furnace methods have been 
used to determine aluminum at levels to 2 jag/L, but 
require the addition of matrix modifiers to eliminate 
carbide formation during atomization117,118.
Aluminum can be determined by flame atomic emission 
using a nitrous oxide - acetylene flame11^'120. Emission 
monitored at 396.15 nm gives a detection limit of 0.05 
mg/L121.
Allain and Mauras used ICP to determine aluminum in 
water and biological fluids122. The detection limit using 
this technique is 0.4 } x g / L  and calibration data is linear 
from 0 - 200 jig/L. The major interferences are from the 
alkali metals and alkaline earth metals which increase the 
net signal intensity of aluminum. Samples are best 
determined by standard addition.
Activation Analysis
Aluminum was determined using the reaction 
27Al(n,3)28Al. Al-28 has a halflife of 2.24 minutes and 
can be qualitatively and quantitatively determined by its 
1.779 MeV gamma ray emission128. Due to interferences of 
sodium, chloride, phosphorus [ 31P(n,<k) 28A1 ] and silicon 
[ 28Si (n, p) 28A1 ] trace level of aluminum must be separated 
from these interfering substances. The short half life of 
Al-28 precludes a post-irradiation separation thus, a 
preirradiation separation was necessary. Samples were 
eluted through an AG-50W-X8 column and the column washed 
with 15 mis of 1M HN03. The resin containing the aluminum 
was then irradiated in a reactor for 5 minutes at 3.1 x 
1011 n/cm2-s. The sample was then counted for 100 seconds 
beginning one minute after the sample was removed from the 
reactor. The detection limit using this procedure was 
0.05 mg/L.
Pifferential Pulse Polarography (DPP)
Aluminum may be analyzed as the aluminum solochrome
violet RS (Al'SVRS) complex using pppl24**25. Samples 
were mixed with the dye and heated in a 60°C water bath 
for 10 minutes. In a 0.1 M acetate buffer of pH 4.7, the 
Al'SVRS complex yielded a peak at -0.455 V vs SCE which is 
proportional to the a l u m i n u m  concentration. The 
calibration curve was linear from 25 ppb to 5 ppm Al. The 
disadvantage of this m e t h o d  is that the free dye 
exhibited a large differential pulse reduction peak at 
about -0.3 V vs SCE, and an excess of the dye was required 
to ensure complete formation of the complex.
All of the methods outlined give only total aluminum, 
exceptfor the colorimetric method outlined by James and 
co-workers which gave labile and nonlabile aluminum 
values. However no direct speciation information can be 
determined using this information. At present there is no 
method for the speciation of aluminum in water.
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CHAPTER ONE 
EFFECT OF pH AND ALUMINUM ON FISH SURVIVAL 
INTRODUCTION
Acid rain has become a significant environmental 
problem in the United States126'127'128. Acid rain is a 
pollutant which can kill fish and aquatic life as well as 
damage forests, crops, and soils.
Formation of Atomsoheric Acidity
Carbon dioxide in the a t m o s p h e r e  dissolves in 
rainwater to produce carbonic acid. Thus, rain is 
slightly acidic naturally, with a pH between 5.5 and 5.6. 
This natural acidity is sufficient to dissolve some 
minerals in the earth's crust, m a king them s l owly 
available to plant and animal life, yet not acidic enough 
to cause damage to living organisms129,130. Rain with a 
pH less than the natural pH 5.6 is defined as acidic or 
acid rain119'120,121. The acidity of acid rain is usually 
caused by gasous pollutants produced by the combustion of 
fuels containing sulfur and nitrogen. These pollutants 
include nitrogen oxides (N0X ), sulfur oxides (S0X ), acidic 
aerosols such as sulfuric acid (H2S04 ), nitric acid (HN03) 
and hydrochloric acid (HC1)131.
After their release, the gases disperse into the 
atmospheric boundry layer where they are ultimately 
removed either by dry deposition at the earth surface or
by incorporation into precipitation. However, since the 
atmosphere is an oxidizing environment, chemical oxidation 
occurs as the gases are dispersed. In this process, 
gasous oxides S 0 2 and NO are converted to the low 
volatility oxidation products H 2S04 and HNOg, which form 
aeorsols and are very readily incorporated into the 
precipitation132'133.
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Their presence largely determines the pH of the rain134.
Effect of Acidity on Aquatic Life
Ironically, as acid rain steadily kills the aquatic 
life of a lake, the water appears to be clearing and in 
radiant health. The clams die first, followed by snails, 
crawfish, most aquatic insects, amphibians, reptiles and 
finally fish135. Acidity attacks fish in several ways. 
First, it upsets the internal chemical balance in their 
bodies, depleting calcium from bone tissue and skeleton. 
The fish become deformed and lose the ability to swim. As 
a result, they cannot obtain the oxygen needed for their 
survival and eventually die. Also, after the acidity 
reaches a certain level, the females fail to reproduce and 
if eggs do hatch most fry are born deformed135.
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Effect of Acidity on Metal Concentrations
The increase in acidity causes an increase in the 
geochemical mobility of many metal ions. The heart of the 
problem is that rain at pH 4.6 can do things chemically 
that rain at 5.6 cannot do13®. As the pH decreases, the 
concentrations of metals such as aluminum, iron, 
manganese, copper, nickle, zinc, lead, cadmium, and 
mercury increase. For example, alumina minerals are 
essentially insoluble at pH 5.6 but are quite soluble at 
pH 4.6137.
In 1976, Dickinson measured the pH and aluminum 
concentration in Swedish lakes during summer and autumn. 
These data indicate a well defined curve (figure 28) over 
a broad range of pH's131. The discovery that aluminum ions 
are leached by acid deposition from soil into streams and 
lakes in concentrations toxic to fish is credited to 
Schofield and Cronan in 1979139.
Effect of Alum inum on Fish
In a study in Toronto, Harold Harvey found that 
abnormally high concentrations of manganese accompany pH 
reduction and mark the release of other heavy metals into 
the environment. He also found manganese concentration 
five times the normal in the vertebral bone of fish (white 
suckers) in these waters. In addition, Harvey noted very 
high concentrations of aluminum on the gills of the fish 
killed from acidification and implied aluminum was
probably the cause of death140.
Other researchers stated that aluminum released from 
surrounding soils was easily taken into the gills of the 
fish. The aluminum gradually cloged the gills over a 
period of years, causing a slow death141.
Schofield and Baker in 1980 showed aluminum was less 
toxic to fishes when it was organically bound (aluminum 
citrate) than when inorganically bound I42,
Sources of Acidity in Freshwater
The source of acidity (organic vs. inorganic) has 
profound effects on lake water chemistry. Naturally 
acidic bog lakes usually have a brown to yellow color. 
This color is caused by the presence of humic substances, 
namely peat-derived fulvic and humic acids and tannins. 
T h e s e  s u b s t a n c e s  are the p r i m a r y  o r g a n i c  a c i d s  
contributing to low pH. Dissolved organic carbon 
concentrations are high while transparency is low in these 
waters. Most importantly the organic acids in brown-water 
lakes reduce metal toxicity143,144. In contrast, lakes 
that have been acidified by inorganic acid deposition 
generally have clear water with greater transparency at 
lower pH's. Inorganic acids, particularly sulfuric and 
nitric acids, predominate in these lakes, and dissolved 
organic carbon concentrations are low145.
This effect is illustrated by comparing the water 
chemistry of the waters draining from a natural unpolluted
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watershed to a similar one affected toy acid rain. This 
study was carried out by Johnson and Driscoll in 1981 
Although both streams are comparably acidified, the 
sources and consequences of the acidity are entirely 
different in the two systems. The headwater streams at 
J a m i e s o n  Creek are acidified by organic acids, and 
dissolved aluminum in this creek is present almost 
entirely as organo-aluminum complexes. Organically 
complexed aluminum is generally non-toxic and fish can 
live is such waters. However, in the Hubbard brook, where 
the pH is controlled by sulfuric and nitric acids, 
dissolved aluminum is largely present in the form of 
inorganic complexes, mostly fluorides and hydroxides138. 
Inorganic complexes of aluminum are highly toxic to young 
fish. Thus the extent of aluminum toxicity to fish is very 
much dependent on the chemical form of the aluminum and 
not just the amount147,148,149.
Reasons for this Study
Many parts of the United States depend heavily on 
seafood as a source of food and as a sport. In parts of 
northeastern United States, large bodies of water have 
become degraded as a result of continued exposure to acid 
rain. The actual reasons for loss of life support in such 
bodies of water are not clear. Possible reasons may 
include high acidity, loss of buffer capacity, generation 
of Al+3 ions or other toxic cations, and reduced dissolved
oxygen concentrations.
Other studies have shown that the rainwater in Baton 
Rouge is acidic with the pH ranging from 5.3 to as low as 
3 3 126,1Z7j Studies on local lakes, however, indicate 
that they remained neutral or basic, at the present time. 
It was observed that the acidity of these waters increase 
yearly. Nevertheless, the most serious limitation to 
solving the problems caused by acid rain is the lack of 
data. Investigation of the sources and consequences of 
acid rain over an extended period of time in Louisiana may 
provide a means of preventing or reversing the present 
deterioration of the waters.
EXPERIMENTAL
Apparatus
pH Meter
The pH of the tanks was measured using a Beckman 
combination pH electrode #39820 and a Beckman Chem-mate pH 
meter. The pH meter was calibrated daily at pH 4.0 using 
a buffered standard. To check the accuracy and proper 
operation of the pH meter, the response of the system was 
checked using buffers of pH 7.0 and pH 10.0. The pH meter 
always read pH 7.0 in the 7.0 buffer solution and was 
never more then a tenth of a pH unit off at pH 10.0.
The electrode was throughly rinsed with distilled 
dionized water between each pH measurement until a 
constant pH value was reached to ensure the complete
removal of all buffer solution.
Oxygen Meter
The oxygen content of the water in the aquaria was 
measured using a Horizon Ecology Co. oxygen meter. The 
temperature of the tank water was measured using the 
oxygen meter according to the manufactures instructions. 
The meter was then calibrated to read oxygen saturation at 
the measured temperature. The oxygen content of the tanks 
was then determined by gently agitating the electrode in 
the center of the tank about mid-water level. The oxygen 
content of the tanks was always very close to the oxygen 
saturation level (8.0 ppm to 9.1 ppm 02 )- The oxygen 
content was monitored to ensure fish were not suffocating 
due to low oxygen levels in the water.
Aquaria
Ten aquaria, each with a ten gallon capacity, were 
purchased from a local pet store. The water level in each 
tank was maintained at seven gallons throughout the 
experiment.
Aquaria Filters
All aquaria were equipped w i t h  Bio-grade Plus 
filtering systems and air pumps. An under gravel 
filtration system was chosen over other filtration methods 
because it did not use filter floss, charcoal, or any 
filtering media of any kind other than the gravel in the 
bottom of the tank.
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The filter was made of plastic and looked like an 
upside down cookie sheet filled w i t h  slits. This 
filtering tray covered the aquarium floor and acted as a 
false bottom. One inch of washed gravel was placed on 
top of this filter tray. By means of an air lift, water 
was sucked from under the pan [figure 29] through a hole 
in the corner of the filtering tray. This water was 
replaced with water that was forced down through the 
grave) at such a rate that all dirt and debris were
removed from the water. In the gravel, waste products 
wire broker, down by beneficial bacteria. This type of 
filtration system provided the mechanical filtration to 
r<-s:vp debris and biological filtration by aerobic 
: s'-irru to mnvsre a norma) environment.
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FIGURE 29 DIAGRAM OF FILTRATION SYSTEM IN FISH TANK
By means of the air lifti water is sucked from 
under the plastic false bottom through the hole 
in the c o m e r  of the tray. This water is replaced 
with water that is forced down through the gravel. 1
3
7
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0.1 M Sulfuric Acid [HgS04 ]. (MCB. Inc.)
0.5 M Sodium Hydroxide (NaOH). (Baker Chemical)
pH Buffer Solutions (pH 4, pH 7, and pH 10). (Baker 
Chemical).
Procedure
Initial Set Op of Aquaria
Ten aquaria were purchased from a local pet store. 
Pea gravel was purchased from a local hardware store. The
tanks and gravel were washed throughly with water and
allowed to air dry. The tanks were then numbered, the 
filtration systems connected, and approximately one inch 
of gravel placed in each tank. This gravel was enough to 
provide the biological filtration necessary to maintain 
healthy fish.
The tanks were then filled w i t h  water and the 
filtration systems started. The tanks were left open 
overnight to remove dissolved chlorine.
Stabilization Aquaria
Four of the aquaria were used as stabilization tanks. 
A small amount (0.5g) of sodium chloride was added to each 
tank to increase the ionic strength of the water. Fresh 
water contains a higher concentration of dissolved salts 
than tap water, and the addition of a small amount of salt 
to the tap water helps to simulate the natural ionic 
content of fresh water.
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Fish commonly known Golden Shiners {Notemigonus 
crystoleucas) were purchased locally, in plastic bags of 
fifty fish each. The bags were placed in the tanks for 
a p p r o x i m a t e l y  thirty minutes to a l l o w  t e mperature 
equilibration of the water, then the bags were opened and 
the fish allowed to enter the tanks. The fish were fed 
twice daily with Tetra-min staple food. Once weekly 
twenty percent of the water in each of these tanks was 
removed by siphoning water from the bottom of the fish 
tanks. The water level was then restored using tap water 
that had been al l o w e d  to stand overnight to remove 
dissolved chlorine. This procedure removed the excess 
debris from the gravel and prevented the accumulation of 
toxic nitrate levels in the water.
The fish were maintained in the stabilization tanks 
for at least two weeks. During this time the fish were 
closly monitored for any signs of disease. Any fish that 
did not appear to be in good health or were acting 
different were removed from the tank immediately and not 
used in the experiment. Healthy fish were observed to 
stay in a group, all facing the same direction whereas 
sick fish were observed to either stay very close to the 
water surface or remain in a corner at the bottom of the 
aquarium behind the filtering system, away from the other 
fish. A darkening in body color indicated an unhealthy 
fish.
Control Aquaria 
T w e n t y  fish were also transferee! into a tank 
containing tap water and a small amount (0.5g) of sodium 
chloride. These fish were transfered into this tank in the 
same manner used for the experimental tanks. The use of 
a control minimizes the possibility of erronious results 
which may occur when live a nimals are used for 
experimental purposes.
Experimental Aquaria 
During the first set of experimental conditions, 
three tanks of varying aluminum concentration were 
maintained at pHs of 4.5 and 7.0 as well as one control 
tank free of aluminum. At each pH level (4.5 and 7.0), 
the aluminum concentrations were (a) 0 ppm, (b) 10 ppm, 
and (c) 100 ppm (Table 5). During the second set of
conditions, three sets of tanks were maintained at pH's 
of 5.0, 7.0, and 7.8 plus one control tank. At a pH of
5.0, four tanks contained aluminum in concentrations of
(a) 0 ppm, (b) 2 ppm, (c) 10 ppm, and (d) 100 ppm. At pH
7.0, the aluminum concentration were (a) 0 ppm and (b ) 
100 ppm. Finally, the tank at pH 7.8 and the control tank 
each had no aluminum added (Table 5).
Aluminum was added to the tanks as A ^ t S O ^ ^ .  The 
salt was first dissolved in approximately 300 ml of 
distilled water and the solution was then quantitatively 
transfered to the fish tank. The pH of the water was
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TABLE 5
pH AND ALUMINUM CONCENTRATIONS IN THE AQUARIA
SET 1
pH 4^5 pH 7.0
Alum inu m concentration(ppm) Alum inumconcentration(ppm )
(a) 0 ppm (a) 0 ppm
(b) 10 ppm (b) 10 ppm
(c) 100 ppm (c) 100 ppm
control - 0 ppm A1, no pH adjustment
SET 2
pH 5.0 pH 7.0
Aluminum concentration (ppm) Alum inum concentration (ppm)
(a) 0 ppm (a) 0 ppm
(b) 2 ppm (b) 100 ppm
(<=) 10 ppm
(d) 100 ppm
pH 7.8 
(a) 0 ppm
control
(a) 0 ppm
adjusted with 0.5 N NaOH or 0.5 M H 2SO4 as necessary over 
a one hour period with stirring to avoid high local 
concentration of the acid. The tanks were allowed to 
equilibrate for twenty four hours. The pH of the water in 
the aquaria was again measured and twenty fish then placed 
in each tank. The tanks were monitored daily. Usually 
the fish would not eat immediately after being introduced 
into the experimental tanks but did appear to return to 
their normal behavior within twenty four hours. The water 
volume in each tank was maintained at seven gallons. To 
prevent the accumulation of debris in the tanks, twenty 
percent {1.4 gallons) of the water in each tank was 
re m o v e d  every two weeks by siphoning. It was then 
replaced w i t h  an equal amount of the appropriate 
equilibrated combination of acidity and aluminum. The
tanks were monitored daily, and the number of dead fish 
was recorded daily or hourly as necessary.
RESULTS AND DISCUSSION
All tanks showed a daily increase in pH of 0.5 to 1 
pH unit, presumably from waste products from the fish. 
The pH of each tank was readjusted with 0.1 M H 2S04 to its 
original value. The results are reported in Figures 24 - 
28. Several of these experiments were repeated.
Effect of pH on Fish Survival
At pH 4.5, all fish died within fifteen days. At pH
5.0, 7.0, and 7.8, the pH alone did not have any immediate
effect on fish survival. See figures 30 - 34. The initial 
two or three deaths could be attributed to shock and did 
not differ significantly from the control. The fish in 
these tanks that survived the initial shock survived the 
two month duration of the experiment.
Effect of Aluminum Concentration on Fish Survival
At pH 4.5 and 100 ppm A12 (S04)3 , all fish died within 
twenty four hours. In the presence of 10 ppm A 1 , they 
lived five days. As stated earlier, with no aluminum 
present the fish lived even longer - fifteen days. This 
showed clearly, at pH 4.5 a synergistic toxic effect 
between pH and aluminum concentration.
At pH 5.0 and 100 ppm A1 all but one fish died 
within twenty four hours and the last fish died on the 
following day. In the presence of 10 ppm all fish were 
dead in six days. With no aluminum present and the pH at
5.0, the few initial deaths did not differ from the 
control group and death was presumably due to shock. In 
the presence of pH 5.0 and two ppm aluminum the death rate 
was slightly higher than with no aluminum present.
The high death rate with aluminum present is in 
contrast to the low death rate when no aluminum present. 
Clearly toxicity is dependent both on pH and aluminum 
concentration and synergysm appears to occur at lower pH 
and higher aluminum content.
At pH 7.0 no synergistic toxic effect was observed.
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FIGURE 30 EFFECT OF ALUMINUM ON FISH AT pH 4.5
Notei as the aluminum concentration Increased 
the lifetime of the fish decreased even though 
the pH was constant.
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FIGURE 31 EFFECT OF ALUMINUM ON FISH AT pH 5.0
Notei as the aluminum concentration increased 
the lifetime of the fish decreased even 
though the pH was constant.
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FIGURE 32 EFFECT OF ALUMINUM ON FISH AT pH 7.0
Notei aluminum had no significant effect 
although the solution was very cloudy with 
suspended aluminum hydroxide. Presumable 
blocking of the gills did not occur.
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FIGURE 33 EFFECT OF pH 7.8 on FISH
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FIGURE 34 CONTROL FOR ALUMINUM STUDIES
No aluminum was added to the tanks and Che pH 
was not adjusted. This acted as the control 
against which tanks with aluminum concentrations 
and controlled pH were compared.
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The few initial death did not differ from the control 
group. The death rate was no different at 100 ppm A1 or 
at 0 ppm aluminum. Presumably the aluminum did not block 
the gills because these fish survive in a much higher 
concentration of both colloidal and particulate suspended 
solids (clay). They also survived aluminum hydroxide at 
pH 7.0. These fact strongly suggest that the toxic 
reaction at lower pH was dependant on the chemical form of 
the aluminum.
CONCLUSIONS
1. At pH 4.5, all fish died within two weeks. However, 
the death rate increased with increasing a l u m i n u m  
concentration. Nevertheless, the toxic effect due to the 
aluminum is of little use, as fish cannot survive at pH 
4.5.
2. At pH 5.0, 7.0, and 7.8, the pH alone did not have any 
immediate effect on fish survival; the results did not 
differ from the control group.
3. At pH 4.5 and 5.0 aluminum had a toxic synergistic 
effect on golden shiners.
4. At pH 7.0 no toxic synergistic effects were observed. 
At pH 7.0, 100 ppm aluminum, the aluminum hydrolyzed to 
A1(0H)3 forming a dense cloudy suspension. However the 
fish lived normally under these conditions showing that 
the A1(0H)3 did not block the gills causing death. The 
toxic effect must therefore be by some other mechanism
such as chemical attack by the aluminum on the gills of 
the fish. It also emphasizes the importance of the 
chemical form of the aluminum in solution or suspension, 
because some forms of aluminum are toxic and some are not.
5. The chemical form of a l u m i n u m  is pH dependent, 
therefore the toxicity of a l u m i n u m  is s i m i l a r l y  
dependent on the pH.
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CHAPTER TWO
BUFFER CAPACITY STUDIES OF DECAYING VEGETATION 
INTRODUCTION
Since the beginning of life on earth, plants have 
obtained an essential part of their nutrients from the 
atmosphere. Man has added progressively larger amounts of 
many kinds of substances to those that circulate naturally 
among the air, the water, the soil, and all living things. 
Some of these m a n - m a d e  m aterials were beneficial 
nutrients. Some were inert while others were toxic or 
injurious depending upon their concentration or upon the 
nature of the organism receiving the deposition140.
Man now influences the chemical climate of the earth 
in many important ways; man must study the sources, the 
types of transport, the transformations, and the 
chemistry of atmospheric deposition. He must determine 
the various effects deposited substances have on forests, 
fish, crops, soil, surface waters, buildings, and other 
structures.
Acid depositions have drastically different effects 
in different locations. In some soils like limestone, 
calcium carbonate and silicates are plentiful. These 
soils are effectively able to neutralize the incoming 
hydrogen ions. Such soils generally have a pH of 5.0 or 
more and are said to be well buffered. But, poor thin
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soils such as those overlying granite or igneous rock are 
already slightly acidic and have little ability to 
neutralize any additional acidity. Thus acidic 
depostition causes a leaching away of needed nutrients, 
such as calcium and magnesium, as well as the release of 
aluminum in the soil moisture^^'^^.
While researchers g e nerally believed that soil 
organic matter buffers against additions of strong acids 
only by ion exchange, studies now show that the complex 
s o lubility properties of organic matter ultimately 
influence acid buffering capacity both in soil and in 
water152,153. However, no quantitative data on the buffer 
capacity of these organic materials exist. In this study 
the buffer capacity of leaf decomposition products and the 
change in the buffer capacity with time was quantitatively 
measured. Buffer capacity is an ecosystem’s ability to 
remain at its natural pH when exposed to acid rain. In 
our study, we have defined buffer capacity as the amount 
of 0.05 M H 2S04 required to reduce the pH to 5.0. This pH 
was chosen as it is the pH below which aquatic life 
becomes increasingly affected. The term "buffer capacity'1 
is an empirical term commonly used in this field to 
include true buffers and neutralizing compounds.
Sources of Organic Matter
The sources of organic materials may be divided into 
two major categories: (1 ) autochthonous, orginiating by
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primary production in the lake, and (2 ) allochthonous, 
transported into the lake by inflowing water, airborne 
litter, or rain1®4 . In addition to being a carbon and 
energy source, allochthonous materials provide inorganic 
nutrients to freshwater ecosystems.
Organic materials enter lakes and streams by several 
routes. Litter, such as leaves and twigs, simply fall 
along the shore or are blown in; fine particulate matter 
is washed in by tributaries; dissolved organic matter 
produced by litter leaching enters with runoff water or 
seepage water154.
The amount of airborne leaf litter falling onto lakes 
has been found to be 200 - 500 g dry leaves per meter of 
wooded shoreline155. A major fraction of the litter 
entering lakes and streams is converted to inorganic 
carbon and other minerals.
Decomposition of Organic Matter
D e c o m p o s i t i o n  of organi c m a terials in a lake's 
ecosystem is accomplished by a variable assemblage of 
bacteria, fungi, protozoa, and invertebrates. Almost all 
of the organic material produced by plant growth is 
decomposed within a year.156 The fact that lakes do not 
fill in rapidly with dead plant matter is an indication of 
the effectiveness of decomposition processes. The rate of 
leaf litter decomposition varies with the type of leaf 
species studied.15^
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Effect of pH on the Decomposition of Leaf Litter
Several investigations have indicated that microbial 
decomposition is greatly inhibited in waters affected by 
acid p r e c i p i t a t i o n . ^ ® ® ' T r a a e n  found that microbial 
food chains were altered; fungi dominated at pH 4.0, 
while bacteria dominated at pH 7.0160.
Abnormal accumulation of litter was described by 
Swedish investigators154 in six lakes that had undergone 
decreases in pH of 1.4 to 1.6 units during the past three 
to four decades. Furthermore, dense felts of organic 
debris and algal filaments covered up to 8585 of the 
shallow bottom area of several lakes. Large accumulations 
of organic debris have also been found in Norway 161 and in 
the acid mine drainage waters in South Africa154.
In acid lakes, lime t r eatment caused a rapid 
d e c o m p o s i t i o n  of organic litter as well as great 
reductions of algal mats, w h i c h  indicated that an 
inhibition of bacterial activites had taken place at low 
pH162.
The decomposition of leaf litter depends not only on 
pH but also on the leaf species. Francis and coworkers154 
found that the rate of decomposition was dependent upon 
the leaf species. They found that order of decomposition 
was red maple > beech > sugar maple > leather leaf > red 
spruce.
Reasons for this Study
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Observations by other researchers1^6 in this group on 
the lakes on the LSU campus s howed that during the 
dredging the pH of the lake was as low as 4.5. After 
dredging was completed and the lakes were allowed to fill 
w i t h  rain water, this produced waters at pH 4.5. 
Surprisingly the lakes recovered very rapidly. In two to 
three weeks, the lakes had recovered from the low pH of 
4.5 to approximately pH 8.0. This indicated that the 
recovery of the lakes must be due to a large quanity of 
buffering material. .This rapid recovery could not be due 
to ion exchange reactions (ie. Ca and Mg). Researches 
believed that the recovery of the lakes may have been due 
to decaying vegetation (leaves). This study was designed 
to investigate these observations further.
Studies by other researchers1^  on the lakes on the 
LSU campus in the Baton Rouge area have shown that they 
have remained neutral or basic (pH 7.0 - 9.0), supporting 
a normal biota for this type of ecosystem114'115. This 
condition is very dependent on the buffer capacity of the 
waters, namely its resistance to becoming acid when 
exposed to acid rain. These above studies also showed 
that the acidity of the rain water had increased compared 
to a year earlier and that the pH of the lakes was lower 
in 1982 than in 1981.
Liming of acidified lakes has been used to reduce 
acidity and a l u m i n u m  c o n c e n t r a t i o n s 16 1 , 1 6 3 . This
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procedure, however, has proved to be a very short term 
solution and the long term biological consequences are not 
known. The results of liming acidified lakes has been 
variable. Such a procedure may prove to be the incorrect 
thing to do because the dissolved calcium would remove any 
phosphate from the lakewater thereby liberating aluminum 
ions.
Studies on the factors that affect buffer capacity 
would-be very valuable in formulating a solution for the 
protection of aquatic life. Organic material is believed 
to influence the buffer capacity of both soil and water.
The buffer capacity of distilled water to which 
different types of leaves had been added was measured and 
the leaves were allowed to decay with the change in buffer 
capacity with time measured. Buffer capacity was defined 
as the amount of 0.05 M H 2S04 necessary to adjust a 
solution to pH 5.0. A pH of less than 5.0 is generally 
undesirable for aquatic life, and the harmful effects on 
some species of living organisms will occur long before 
all fish have disappeared from the lake. Several of the 
most common local trees, such as oak, pine, pecan and 
cypress, were used to determine the buffer capacity of 
decaying leaves. These were chosen because they are very 
common and the primary source of leaf litter in Louisiana 
lakes and streams.
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EXPERIMENTAL
Apparatus
The 10-gallon aquaria were used. The pH of the water 
was measured using a Beckman Chem-mate pH meter.
Chem icals and Solutions
Distilled water was obtained from the chemistry 
building's distilled water system. Concentrated sulfuric 
acid and the buffers used for the calibration of the pH 
meters were purchased from Baker Chemical Co. and prepared 
as previously described.
Procedure
Fallen leaves were collected, weighed, and washed 
with distilled deionized water. Three hundred seventy 
grans of each type of leaf was covered with twenty five 
liters of distilled deionized water and allowed to decay. 
The pH of the water was monitored daily. After the pH of 
the water increased to above pH 5.0 the buffer capacity 
was also determined daily on a one hundred milliliter 
sample of filtered leafwater by titrating it with 0.05M 
sulfuric acid to pH 5.0. A blank consisting of a sample 
of distilled water was also titrated to eliminate the 
neutralization effect of water from the results.
RESULTS AND DISCUSSION
Figures 35 through 38 illustrate the results 
obtained for the different types of leaves.
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Pecan Leaves
The results for Pecan are in Table 7 and illustrated 
graphically in Figure 35. The large decrease in pH and 
buffer capacity upon the addition of the other leaves 
tested was not observed with the pecan leaves. The pecan 
leaves were observed to decay much faster than the other 
leaves. The pH rapidly increased to a maximum of 6.8 in 
14 days and then decreased to 6.7 where it remained for 
the duration of the experiment. The buffer capacity also 
increased to a maximum of 1.7 milliliters at eight days 
and then decreased to 1.5 milliliters where it remained 
for the duration of the experiment.
Pine Leaves
The data for pine leaves are shown in Table 7 and 
presented graphically in Figure 36. The pH dropped to 4.8 
after one day and did not increase to above 5.0 for eight 
days. During the next fifteen days, the pH then 
increased steadily up to a maximum of 5.75. The pH then 
decreased for three days to 5.2 after which it then began 
to rise rapidly until it reached a pH of 6.0 where it 
started to level off. Once the pH of the water became 
greater than 5.0, the buffer capacity was determined as 
described previously. The data for the buffer capacity are 
also plotted on figure 26.
The buffer capacity data followed the same trend as
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the pH data. The buffer capacity was determined for the 
first time on the tenth day. Initially, the buffer 
capacity was 0.13 milliliters but then increased with 
increasing pH to a maximum of 1.0 milliliters.
Although all the leaves tested showed some decrease 
in pH during the experiment (usually in 15 to 20 days) 
the pine leaves showed the greatest drop in pH.
Oak Leaves
The results for oak leaves are given in Table 8 and 
shown in figure 37. The pH dropped to 4.7 the first day 
and did not increase to above 5.0 for nine days. The pH 
then increased steadily up to a maximum of 5.8 at nineteen 
days and then decreased to pH 5.15 (twenty three days). 
The pH then again increased steadily up to the maximum of 
7.1. The buffer capacity that was determined on the 
thirteenth day was 0.3 milliliters of 0.5 M HgSO^. The 
buffer capacity followed the same trend as the pH data, 
the large pH drop between 15 and 20 days resulted in a 
large decrease in the buffer capacity during that time. 
The maximum buffer capacity occurred at a final pH of 7.1 
and was 1.9 milliliters. The buffer capacity data for 
the oak leaves showed that for a given pH, the buffering 
ability of the oak leaf decomposition products was much 
greater than the pine. For example, at pH 5.7 oak leaves 
provided 0.7 milliliter buffer capacity while the pine 
provided only 0.2 milliliter buffer capacity.
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Cypress Leaves
The r e s u l t s  for c y p r e s s  are in T a b l e  9 and 
illustrated graphically in Figure 38. The cypress again 
showed the same initial trend as the other leaves tested. 
However, in this case the maximum pH 5.8 was reached in 
fifteen days. The pH decreased to pH 5.52 after eighteen 
days and then increased rapidly. The pH increased faster 
than the oak but leveled off and at thirty eight days the 
pH of the two were equal (pH 7.1). For a given pH, the 
cypress leaves gave even more buffering ability than the 
oak. For example, at pH 5.7 the oak provided a buffer 
capacity of 0.7 m i l l i l i t e r s  and the cypress 1.0 
milliliters. The buffer capacity curve seems to deviate 
the most from the pH curve. After the initial decrease in 
pH and buffer capacity the pH increased rapidly. The 
buffer capacity initially increased with pH but, then 
decreased for a short time (2 days) after which in began 
to increase again. Subsequently, as the pH began to level 
off after twenty eight days the buffer capacity continued 
to rise. The maximum buffer capacity for cypress leaves 
was 1.9 milliliters of 0.5 M H2SO4.
Comparason of pH and Buffer Capacity
The pH versus buffer capacity for the pine, oak, and 
cypress leaves is shown in figure 39. The cypress leaves 
showed the largest buffer capacity at all pH values. The
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TABLE 6
' pH AND BUFFER CAPACITY DATA FOR PECAN
Day pH . Buffer Capacity
1 6.5 0.3 (distilled water)
2 6.45 1.0
3 6.5 1.1
4 6.5 1.2
5 6.5 1.4
6 6,51 1.5
8 6.6 1.7
10 6.68 1.6
12 6.75 1.55
14 6.8 1.5
16 6.7 1.5
18 6.7 1.5
20 6.7 1.5
22 6.7 1.5
24 6.7 1.5
26 6.7 1.5
28 6.7 1.5
Initially the pH was that of distilled water. The pH 
dropped 0 .5 pH units after the leaves were added therefore, 
the buffer capacity was determined by titrating 100 ml of 
filtered sample to pH 5.0.
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FIGURE 35 pH AND BUFFER CAPACITY DATA FOR PECAN LEAVES 
The pH did not drop significantly compared to 
pine and oak leaves. The buffer capacity curve 
paralleled the pH curve and showed significant 
buffer capacity increase after only 10 days*
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TABLE 7
pH AND BUFFER CAPACITY DATA FOR PINE LEAVES
DATE pH Buffer C;
1-4 5.6 0.05
1-6 4.8
1-7 4.9
1-8 5.0
1-9 5.0
1-10 5.0
1-11 5.0
1-13 5.1
1-14 5.2
1-15 5.2
1-17 5.2 0.13
1-20 5.5 0.25
1-21 5.5 0.29
1-22 5.6
1-23 5.68 0.31
1-24 5.4 0.3
1-25 5.31 0.43
1-26 5.1 0.2
1-27 5.4 0.32
1-28 5.7 0.45
1-29 6.0 0.45
1-30 6.0 0.5
1-31 6.0 0.44
2-1 5.9
2-2 5.9 0.40
2-4 5.8 0.37
2-6 6.0 0.5
2-8 6.0 0.55
2-11 6.0 0.55
2-13 6.30 0.65
3-1 6.4 0.75
3-11 6.5 1.00
3-18 6.6 0.99
Initially the pH was that of distilled water. The pH 
dropped below 5.0 after the leaves were added therefore, 
for the first 11 days the buffer capacity was zero. After 
the pH of the water Increased above 5.0 the buffer 
capacity was determined by titrating 100 ml of filtered 
sample to pH 5.0.
BU
FF
ER
 
CA
PA
CI
TY
164
PINE
—  6.5
2
• pH
•  Buffer Capacity
1
0
2 A 6 8 10 12 14 16 IB 20 22 24 26 28 30 32 34 35 38 40
TIME (d a y s )
FIGURE 36 pH AND BUFFER CAPACITY DATA FOR PINE
Note: The pine leaves increase the buffer
capacity of the water very little even after 
30 days.
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TABLE 8
pH AND BUFFER CAPACITY DATA FOR OAK LEAVES
DATE PH Buffer Cap
1-4 5 . 6 0.05
1-6 4.7
1-7 4.8
1-8 4.9
1-9 5.0
1-10 5.0
1-11 5.0
1-13 5.0
1-14 5.1
1-15 5 . 1
1-17 5.2 0.3
1-20 5 . 6 0. 57
1-21 5 . 6 0. 59
1-22 5.7
1-23 5.8 0.74
1-24 5 . 62 0.61
1-25 5.31 0.50
1-26 5 .21 0.25
1-27 5 . 15 0.91
1-28 5 . 65 1 . 20
1-29 5.8 0.9
1-30 5.9 0.9
1-31 6.0 0.95
2-1 6 . 1
2-2 6.3 0.92
2-4 6.7 0.9
2-6 6.45 1 . 2
2-8 6.5 1.3
2-11 6.6 1.47
2-13 6.65 1.5
3-1 6.8 1.75
3-11 7.0 1.92
3-18 7.1 1.9
Initially the pH was that of distilled water. The pH 
dropped below 5.0 after the leaves were added therefore, 
for the first 13 days the buffer capacity was zero. After 
the pH of the water increased above 5.0 the buffer 
capacity was determined by titrating 100 ml of filtered 
sample to pH 5.0.
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FIGURE 37 pH AND BUFFER CAPACITY DATA FOR OAK
Note: The buffer capacity curve follows
the pH curve at the lower pH values, and 
the rapid pH increase at 20 days.
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TABLE 9
pH AND BUFFER CAPACITY DATA FOR CYPRESS
Date pH Buffer Capacity
1-8 5.7 0.05 (distilled water)
1-9 4.9
1-10 4.9
1-11 4.9
1-13 5.0
1-14 5.1
1-15 5.1
1-17 5.2 0.30
1-19 5.3 0.45
1-20 ■ 5.5 0.64
1-21 5.5 0.76
1-22 5.7
1-23 5.8 0.98
1-24 5.7 1.02
1-25 5.6 0.84
1-26 5.52 0.84
1-17 5.7 1.2
1-28 6.1 1.5
1-29 6.28 1.65
1-30 6.4 1.4
1-31 6.5 1.25
2-2 6.6 1.3
2-4 6.7 1.37
2-6 6.8 1.5
2-8 6.8 1.75
2-11 6.7 1.95
2-13 6.8 2.15
2-25 6.9 2.4
3-11 7.0 2.66
3-18 7.05 2.95
Initially the pH was that of distilled water. The pH 
dropped below 5.0 after the leaves were added therefore, 
for the first 9 days the buffer capacity was zero. After 
the pH of the water increased above 5.0 the buffer 
capacity was determined by titrating 100 ml of filtered 
sample to pH 5.0.
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FIGURE 38 pH AND BUFFER CAPACITY DATA FOR CYPRESS 
Note: The very large buffer capacity 
compared to the other leaves tested, 
and the rapid increase in pH at 18 days
169
FIGURE
pH vs B u ffe r Capacity
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Note: The large buffer capacity of cypress leaves
at pH 7.0. The pH of the pine leafwater did not 
increase above pH 6,5.
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buffer capacity of cypress leaves increased rapidly above 
pH 6.5. The oak leaves had very little buffer capacity at 
the lower pH values, however the buffer capacity increased 
rapidly above pH 6.3. In addition, of the leaves tested, 
pine leaves had the lowest buffer capacity, and the pH did 
not increase above pH 6.5.
CONCLUSIONS
1. All leaves tested when placed in distilled water caused 
an initial decrease in the pH. This may be due to the 
leaching of the soluble organic acids in the leaf.
2. All leaves tested increased the pH of the water after 
the initial pH decreased due to the decomposition of the 
leaves.
3. Pine leaves (needles) provided the least buffer 
capacity. Dead lakes are often surrounded by pine trees, 
it was observed that pine leaves caused an initial large 
decrease in the pH of the water. This may be a major 
contributor to the acidity of the water. Pine leaves 
when they fall from the tree may fall into the water and 
add to the effect of acid rain.
4. Pecan leaves appeared to decomposed the fastest of the 
leaves tested. The initial drop in pH was very small and 
the buffer capacity was higher than the other leaves 
tested. However, the buffer capacity leveled off and did 
not increase with time as was observed with the other 
leaves tested.
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5. Oak leaves seemed to decompose slower than the other 
leaves tested. Initially the pH did not increase 
significantly, however after 20 days the pH increased 
rapidly. The oak leaves provided more buffer capacity 
than the pine leaves but not as much as the cypress 
leaves.
6. Cypress leaf decomposition products give the greatest 
buffer capacity of the leaves tested. The pH of the water 
increased rapidly and at any given pH the cypress leaves 
provided more buffer capacity than the other leaves 
tested.
7. Decaying leaves modify the effect of acidity in two 
ways. First, the immediate effect of the leaves causes a 
decrease in pH and may contribute to the overall acidic 
effect of acid rain. Second, with time the buffer 
capacity increases and may reduce acidification due to 
acid rain, often significantly.
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CHAPTER THREE
STUDIES OF THE INTERACTION OF ALUMINUM WITH 
DECAYING VEGETATION
INTRODUCTION
The toxicity of aluminum, like other metals, is 
dependent upon the chemical form of the aluminum. At 
present no methods are available for the speciation of 
aluminum in freshwater systems. Researchers believe that 
the toxic forms of aluminum may be AltOHjJ and Al3+ on the 
basis of pH studies and calculations done on the 
equilibrium concentrations present at pH 4.5 to pH 5.0. 
Because inorganic a l u m i n u m  species are in dy n a m i c 
equilibrium colorimetric and chromatographic techniques 
are not useful for the determination of the individual 
aluminum species. In addition, colorimetric techinques 
have numerous interferences, such as iron and fluoride 
commonly present in natural waters. At present no ion- 
specific electrodes nor any electrochemical techniques 
exist that can be used to speciate aluminum.
A l u m i n u m  N M R  was c hosen because it is the one 
technique that allows the determination of aluminum 
species without disturbing the equilibrium between these 
inorganic species. Proton N M R  was also used to 
investigate the interaction of aluminum with the organic 
material present in the leafwater samples. Researchers 
believed that leafwater contained tannins and other weak
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organic acids, amines, and possibly alcohols from the 
bacterial action on the leaves during the decomposition 
process. Proton NMR could provide the tool to determine 
the characteristic functional groups present in the 
leafwater. The NMR absorption spectra should give an 
indication which functional groups thought to be
present in leafwater were interacting with the aluminum. 
To gain a better perspective of the work presented here, 
the history, basic principles, and literature survey of 
the uses of Al-:27 NMR follow.
History of NMR
The first NMR signals were independently observed by 
two groups of physicists in 1945, by Bloch and colleagues 
at Stanford and Purcell and colleagues at Harvard 
University16 .^ Since that time, NMR has become recognized 
as an important tool for chemical structural analysis of 
spectra from hydrogen nuclei. In 1949 and 1950 a number 
of investigators noted that nuclei of the same species 
absorbed energy at different frequencies and hence the 
phenomenon of chemical shift was discovered166. Since 
that time the development of NMR Techniques has been very 
rapid.
Basic Principals
The fundamental property of the atomic nucleus 
involved is the nuclear spin (I), which has values of 0, 
1/2, 1, 1 1/2, etc. in units of h/2'tt. Nuclei with 1 = 0
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are non-magnetic; other nuclei possess a spin angular 
momentum which is related to the spin (I) by the following 
equation00:
Spin A n g u l a r  M o m e n t u m  = I (I+l) Equation 1
where:
h = Plank's constant (6.626 x 10-27 erg sec)
The magnetic axis of the nucleus can assume 2 I+l 
orientations with respect to external magnetic field and 
each orientation corresponds to a discrete energy level
q C
given by :
E = g Hq Equation 2
where: M is the magnetic quantum number;
E is the energy of the transition;
is the magnetic moment of the nucleus 
(nuclear magneton);
B is a constant (5.049 x 10-24 erg G-l); and 
Ho is the external magnetic field strength in 
gauss
The spectrum of allowed values in terms of spin 
quantum numbers is I, (1-1), ... — (X — 1), -I. Each value 
corresponds to a discrete orientation at equilibrium. The 
po pulation of the various nuclear energy levels is 
predictable by use of the Boltzman distribution35.
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n lower - e IKT
n upper -jjH o Equation 3
w h e r e : K is the Boltzman constant; and 
T is the absolute temperature.
At room temperature the lower energy level (parallel 
to the magnetic field) is favored. The resonance frequency 
(one that will effect a transition from a lower energy 
level to a higher one) is given by the equation3®.
When the frequency is equal to the nuclear resonance 
frequency, the nuclei flip from a lower energy level to an 
upper energy level. That is, the spins originally 
precessing with the field Ho reverse and now process 
against Ho.
Relaxation Processes
Upon irradiation of a nucleus, the rate of absorption 
of energy is initially greater than the rate of emission 
because of the slight excess of nuclei in the lower energy 
state. Only if relaxation back to the lower energy state 
can occur as rapidly as absorption will the intensity of 
nuclear absorption at a given frequency remain constant. 
Otherwise, in time, the rf field would equalize the 
populations in the energy levels; the spin systems would
Equation 4
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become saturated and would result in no absorption signal.
Two types of relaxation processes are involved, spin- 
lattice and spin-spin relaxation. The first spin-lattice 
or longitudinal relaxation is brought about by interaction 
of the spin with fluctuating magnetic fields produced by 
random motions of neighboring nuclei. The Brownian Motion 
of other magnetic nuclei gives rise to magnetic fields 
that occasionally have a fluctuation whose frequency is 
equal to the procession frequency of the nucleus to be 
relaxed. These oscillating comp o n e n t s  can induce 
transitions and provide a mechanism by which nuclei lose 
their excess magnetic energy in the form of thermal 
energy to the lattice. The relaxation process has a rate 
constant called the spin-lattice relaxation time T2 and is 
defined as:
" ne q U  = (n = neq)(> e Equation 5
where: N is the initial excess population in the
lower energy level; and 
Neq is the excess population in the lower 
energy level in the presence of the rf field.
The spin-lattice relaxation time represents the time 
required for the Boltzman Distribution to be reestablished 
in the presence of Ho®®. In typical organic liquids and 
dilute solutions this time is in the range of 0.01 to 100
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seconds, but in solids and very viscous liquids the time 
can be increased to hours.
Spin-spin r e laxation or transverse relaxation 
involves a second time constant, T2. When the rf field is 
off, the spins of the nuclei tend to fall out of phase 
through dipole-dipole interactions. A nucleus in the 
upper energy state can transfer its energy to a 
neighboring nucleus by a mutual exchange of spins. In 
liquids the local field around the magnetic nuclei changes 
rapidly so that the mechanisms responsible for relaxation 
processes usually are the same (Tl = T2).
The coefficient of absorption is a constant for any 
nucleus, thus the NMR signal is directly proportional to 
the number of nuclei producing it.
NUCLEAR PROPERTIES
NUCLEUS 1H 27A1
ABUNDANCE 99.9 100
SENSITIVITY 1.0 .206
SPIN I 5/2 1/2
FREQUENCY MHz 52.1 200
Alumlnum-27 NMR
Since 1967 an upsurge in the interest in the NMR 
spectroscopy of compounds and complexes of aluminum has 
occurred. Aluminum differs from the proton in that it 
possesses a nuclear quadrapole moment. This results in
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its relaxation processes being dominated by nuclear 
quadrapole relaxation166. The linewidth of the resonance 
signal is a function of the symmetry and arrangement of 
the ligands about the nucleus. Thus linewidths vary from 
3 to 6000 H z 164.
The chemical shift range is approximately 450 ppm. 
In the low frequency range { -50 ppm to +20 ppm), aluminum 
species with octahedral symmetry are found. Alumimum 
species with tetrahedral symmetry are found in the 
intermediate region (-25 ppm to +108 ppm). At the highest 
frequencies (+156 ppm to +221 ppm), one finds the alkyl 
alanes166.
Literature Survey
A l u m i n u m - 2 7  N M R  s p e c t r o s c o p y  has been used to 
investigate the physical and chemical properties of 
aqueous solutions of aluminum salts. These studies 
involved the determination of the hydration number of the 
Al3+ ion, as well as hydrolysis, polymerization, and 
complexation. Solvation and complexation in nonaqueous 
and mixed aquo-organic solvent systems have also been 
studied using Al-27 NMR spectroscopy. A brief review of 
the current literature follows.
The study of the hydrolysis of aluminum salts in 
solution has been studied with a considerable amount of 
data gathered which agrees that the monomeric hydrolysis 
A1(H20)63+ = A1(H20)50H2+ + H+
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takes place but disagrees on the nature of the subsequent 
steps in hydrolysis. Akitt and co-workers167 have provided 
evidence for the presence of the A12 {OH)2 (H 20 )g+ dimer 
as well as for a species Al1304 (OH)24(H2O)127+ in aqueous 
solutions of AlClg. However, the dimer cannot be directly 
observed except at high rf powers where a broad resonance 
occurs slightly to the high frequency of 27A1 (H20)6+ 3 . 
Thus the dimer concentration was calculated from the 
difference ([Altot] - [A1 3+].
Aluminum nitrate and aluminum chloride in aqueous 
media both give identical N MR spectra o w i n g  to the 
formation of A l ( H 20)+ 3 . Such is not the case for 
A 1 2 (S04 )3. Al-27 data has provided conclusive evidence
for the occurrence of a sulphato complex168'169'170'
(A1 (H20)5S04 + . in sulfate-containing solutions of aluminum 
salts. This fact was established on the basis of the 
appearance of a second peak 3.3 ppm to low frequency of 
Al(H20)g3+ with a relative intensity related to the total 
sulfate concentration. Upon addition of sulfuric acid a 
third peak emerges to even lower frequencies (-6.8 ppm) 
which is attributed to a sulfuric acid or bisulfato 
complex 1 A 1 (H 20)4 (S04H )2 + ]. The former species is also 
present in aqueous solution of KA1(S04)2 171.
A single Al-27 resonance is seen in highly alkaline 
s o l u t i o n s  of aluminum and is 80 ppm low field of the 
resonance due to A1{H20)63+. The line is narrow and has
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been attributed to the tetrahedral species A1(0H}4~ 166.
The aluminum ion is well known to form chelates with 
bidentate ligands such as dicarboxylic acids or hydroxy- 
carboxylic acids. However, Toy et.al.*72 observed a
single resonance line the presence of chelating agents 
such as tartaric acid, m a n d e l i c  acid, etc. In a 
spectroscopic study of the aluminum complexes with oxalate 
as a ligand by Jaber et. al. 173 Al-27 NMR has confirmed
the formation of the complexes A1(C204)+, A1(C204)2~, an(* 
A1(C204 )33-.
Mixed solvation was first studied by Canet e t . a l ■ 
174 who observed four (4) separate but partly overlapping 
Al-27 resonances from A1(C104 )3 dissolved in a TMPA - H20 
solvent mixture. The four peaks were assigned to
A1(H20)63+,
Al(H20)5 (TMPA)3+,
Al(H20)4 (TMPA)23+f and 
A l (H20)3 (TMPA)g3+ .
Covalent compounds of aluminum have also been studied by 
Al-27 NMR.
Solvation of aluminum in numerous solvents has 
been reported. H on ,175 showed the co-existence of tetra 
and hexa-coordinated aluminum species in acetonitrile. 
Solvation of aluminum trichloride in acetonitrile points 
to the formation of A1(CH3CN)63+ and A1C14“ in a ratio of 
1:3 according to the equilibrium
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2A12C16 + 6CHgCN — 5- A1(CH3CN)63+ + 3A1C14"
Octahedral and tetrahedral solvates of (AlSn {C104}3 
[where n = 4,6; and S = trimethyl phosphate (TMPA),
hexamethlyphosphorotriamide (HMPT), triethyl phosphate 
(TEPA), d i methyl m e t h y l p h o s p h o n a t e  (D M M P ), diethyl 
ethlphosphonate (DEEP), and dimethyl hydrogen phosphite 
(DMHP)] are shown by Al-27 NMR to have tetrahedral and 
octahedral structures which are retained in nitromethane 
solution176.
More recently Schnider177 reported the solvation of 
Al+3 in a mixture of DMF and DMSO, gives rise to separate 
Al-27 NMR resonances for all possible mixed solvates;
Al (DMF)n (DMS0)6_n3+
Al-27 NMR has also been used to study the role of 
aluminum ion in brain dysfunction. Elevated concentrations 
of aluminum have been observed in the brains of patients 
with dialysis dementia178,179 and Alzheimer disease180. 
In an attempt to understanding the biochemical mechanism 
of aluminum in brain dysfunction. Laussac and Commenges181 
investigated ATP-Aluminum complexes in aqueous media at 
different pH's. While Mazarguil et. a l . 182 studied the 
binding of Al to [Leu5] enkephalin in DMSO at different 
peptide/metal ratios.
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Reasons for this Study
Previous results in this laboratory showed that 
decaying vegetation (leaves) increases the buffer capacity 
of water and afforded some protection to acidity (Chapter 
2). It was of interest to determine if the decomposition 
products of the leaves interact with or complex aluminum 
ion. It is well known that organoaluminum complexes are 
less toxic to aquatic life than aluminum ion125'130,141. 
Proton NMR studies on the decompostion products were used 
to determine if there is such interaction, and which 
functional groups present in the leafwater complexed 
aluminum. Subsequently Al-27 NMR was used to study the 
i n t e r a c t i o n  of the a l u m i n u m  ion w i t h  the leaf 
decomposition products. Aluminum NMR was chosen because 
it provided a means to study the aluminum species present 
without disturbing the equilibrium concentrations present. 
EXPERIMENTAL
Apparatus
All NMR spectra were obtained with the Chemistry 
Department's Bruker WP-200 FT-NMR spectrometer. This 
spectrometer is designed for routine 200 MHz spectroscopy. 
Additionally the instrument is equipped with two broad 
band tunable probes with a total frequency range of 10 - 
90 MHz. While the -^ H frequency is generated internally, 
the aluminum frequency is generated with a PTS-160 
frequency synthesizer. The spectral parameters used were:
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Nucleus 1H 27A1
Spectrometer Frequency 200 MHz 52.1 MHz
Offset 36,000 MHz 57,000 MHz
Size 8 K 16 K
Number of Scans 6,000 2,000
Pulse Width 10 u sec 10 u sec
Chem icals and Solutions
D 20 was obtained from Aldrich Chemical Co. Aluminum 
sulfate and aluminum chloride used were of reagent grade 
and obtained from Baker Chemical Co. Leafwater samples 
were prepared as previously described.
Procedure 
—H NMR Sample Preparation
Proton N M R  samples were run in s tandard five 
millimeters tubes. To observe the decomposition products 
it was necessary to concentrate the dissolved organic 
material present. This was done by placing two hundred 
milliliters of leafwater in a polyethylene beaker and 
stirring with a magnetic stirbar. Purified air was 
allowed to flow gently over the top of the samples 
overnight to facilitate evaporation of the water. Sample 
volumes were reduced to approximately a milliliter 
overnight and then redissolved in D20. Samples were then 
placed in the NMR tube and the NMR scan accumulated and
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stored. Ten microliters of 1000 ppm aluminum as A12{S04 )3 
was then added to the NMR tube via a microliter syringe. 
The tube was shaken and another NMR spectrum taken.
Because the samples were aqueous the ratio of organic 
material to water was very low, even after concentration 
of the samples. A solvent suppression peak program 
supplied by Bruker was required to minimize the proton 
signal from the water and to allow further accumulation of 
the signals due to the leaf decomposition products. Thus 
no information could be obtained in the water resonance 
region between 4.5ppm and 5.0ppm.
— Al Sample Preparation
Aluminum was added to samples as A 1 2 (S04 )3 and two 
milli l i t e r s  of each s a m p l e  were then placed in ten 
millimeter NMR tubes. The internal reference sample was 
prepared by adjusting an aluminum sample to pH 11.0 using 
sodium hydroxide. Spectra recorded required a deuterated 
solvent. For this reason 0.5 milliliters of D20 was added 
to the reference. A smaller reference tube containing the 
A1{0H4)~ and D20 was inserted into the sample tube. This 
same reference was used in all Al-27 NMR scans.
RESULTS AND DISCUSSION
Proton NMR
The proton NMR spectra were different than what we 
expected. The proton NMR we obtained had very broad 
signals in the range of 0.5 ppm to 4.0 ppm. This
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corresponds to the general region of aliphatic and 
substituted aliphatic compounds.
The results of this study are given in figures 40 - 
47. For each sample of leafwater a change was observed in 
the NMR spectra obtained after the addition of aluminum. 
Although the changes are small they definitely show an 
interaction of the aluminum with the decomposition 
products. Large NMR changes were not expected as aluminum 
is known to interact with acid and amino functional groups 
on the organic material.
Pecan
The pecan leafwater [figures 40 - 41] showed the
least change in spectra upon the addition of the aluminum. 
All signals were broad and therefore difficult to 
interpret.
Oak
The oak leafwater showed the most dramatic change in 
the NMR- signals upon the addition of aluminum. The 
spectra of the leafwater [figure 42] was a very broad 
signal from 0.05 to 2.5 ppm. The addition of aluminum to 
the leafwater [figure 43] produced a much narrower signal 
between 0.5 ppm and 1.2 ppm, and small broad signals 
between 1.2 ppm and 1.7 ppm.
C y p r e s s
The cypress leafwater [figure 44] had the greatest 
number of distinct peaks. The signals are between 0.5 ppm
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and 2.5 ppm. The peaks In the range are at 0.8 ppm, 1.2 
ppm, 1.3 ppm, 1.6 ppm, 1.8 ppm, 1.9 ppm, and 2.2 ppm. The 
only other signal from the leafwater is at 3.7 ppm. This 
is the absorption range for Ar-KH, CHg-0, and Ar-SH. 
Addition of aluminum to the sample [figure 45] caused a 
loss of resolution in the peaks, and very few distinct 
changes can be described.
Pine
The pine leafwater [figure 46] had a large absorption 
signal between 1.1 ppm and 1.4 ppm, a small signal at 2.2 
ppm and a signal at 3.7 ppm. Upon addition of aluminum to 
the sample [figure 47] the signal at 3.7 is either shifted 
under another signal or is eliminated and the signal at 
2.2 is sharper.
In general in each case the addition of aluminum to 
the leafwater samples resulted in a change in the proton 
NMR spectra indicating an interaction of the decomposition 
products with the aluminum.
Al-27 NMR
Nuclear magnetic resonance was chosen because it 
allowed us to investigate aluminum complexes without 
disturbing the equilibrium in solution. Figure 48 shows 
the results with several samples of high purity solvents. 
This background signal could not be eliminated even when 
scans were made with no sample tube present. It was 
determined that the signal obtained was from the NMR
FIGURE 40 PROTvON NMR OF PECAN LEAFWATER
Notes The small signal at 0 ppm is due to a 
small amount of TMS contaminate in the D2O. 
The inversion of the water signal is due to 
the solvent peak suppression program supplied 
by Bruker.
9 S 7 S 3 2 0
FIGURE 41 PROTON NMR OF PECAN LEAFWATER AND ALUMINUM
FIGURE 42 PROTON NMR OF OAK LEAFWATER
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FIGURE 43 PROTON NMR OF OAK LEAFWATER AND ALUMINUM 
Note: The peak narrow considerably with
the addition of aluminum
012356789
FIGURE 44 PROTON NMR OF CYPRESS LEAFWATER
Note: The small sharper signals on the broad 
background. The large signal at 4.7 is due 
to water.
\D
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FIGURE 45 PROTON NMR OF CYPRESS LEAFWATER AND ALUMINUM 
Note: The addition of aluminum causes the
signals to broaden.
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FIGURE 46 PROTON NMR OF PINE LEAFWATER
Note: The large signal at 4.7 ppm is due
to the water in the sample. The signal is 
very broad, with a large absorption at 1 ppm.
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FIGURE 47 PROTON NMR OF PINE LEAFWATER AND ALUMINUM
Note: The change in the relative intensity
upon the addition of aluminum. The signal 
at 1 ppm decreases and the signal at 2.1ppm 
is much sharper.
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probe. This signal directly interfered with the detection 
of aluminum species in the samples and must be eliminated. 
Because the signal was very broad we knew it had a very 
short relaxation time.
Using a spin echo technique supplied by Bruker and 
a delay time of 0.006 usee we were able to completely 
eliminate this signal from all subsequent NMR scans. The 
spin echo program allowed the signals produced from the 
sample to decay a specified time before the signals were 
stored and accumulated. Thus, a signal that orginated 
from a source with a very short relaxation time would have 
decayed and the spectrometer accumulated only those 
signals which have longer decay times. Because this was 
necessary the NMR spectra obtained contained only those 
signals of aluminum compounds with relaxation times 
greater than 0.006 useconds. The spectra of aluminum 
sulfate in water [figure 49} gave a single resonance 
signal at 0 ppm due to the trivalent hexa-aquo ion. The 
signal at 80 ppm is due to the internal reference A1(0H)4-. 
The ratio of the two signals [ref to Al 3 + ] was 1 to 35. 
The same amount of aluminum was then added to leafwater 
samples.
The results for oak [figure 50} showed that the 
concentration of the trivalent ion had been reduced. 
Integration of the area gave a ratio [ref to Al3+] of 1 to
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24. The aluminum ion ( + 3) had been reduced by thirty one 
percent, and therefore must be in a different chemical 
form.
The results in the pecanleafwater [figure 51] gave a 
relative Al + 3 ion concentration of 27. This data showed 
that using pecan twenty two percent of the aluminum ion 
was complexed, by the leafwater.
The cypress data [figure 52] showed that thirty eight 
percent of the aluminum ion was complexed by the dissolved 
organic compounds present.
No aluminum leafwater complex could directly be 
observed probably due to a number of reasons. 1. There may 
be a number of aluminum compounds formed each giving very 
small peaks. 2. These very unsymmetrical compounds may 
have very broad NMR signals. 3. The relaxation times of 
the compounds may be so short that they cannot be detected 
due to the spin echo delay. This program eliminates all 
s i g n a l s  w i t h  a r e l a x a t i o n  t i m e  less t han 0.006 
microseconds. Any signals from the complexes with shorter 
relaxation times will not be detected by the NMR.
Since the linewidths are mainly determined by the 
quadrapole interactions and reflect the symmetry of the 
molecule, the trivalent hexa-aquo ion and the hydroxide 
ion appear as sharp signals and any c o m p l e x  of the 
leafwater with the aluminum cannot be seen. Thus, the
27Al NMR
100 80 60 20 0 -20
FIGURE 48 . ALUMINUM - 27 BACKGROUND
Note* signal is due to instrument probe and 
could only be eliminated using the spin echo 
technique
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FIGURE 50 Al-27 NMR of A l C S O ^  in OAK LEAFWATER
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FIGURE 51 Al-27 NMR of A1(S04 )3 in PECAN LEAFWATER
0 . 1  mg Al in CYPRESS LEAF WATER
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FIGURE 52 Al-27 NMR of A1(S04)3 in CYPRESS LEAFWATER
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amount complexed must be determined indirectly by measured 
the difference in the aluminum (+3) ion concentration 
between aluminum in water and aluminum in leafwater 
samples.
Further studies in this area are needed to determine 
which components in the leafwater the aluminum interacts 
with, and the stability of the organoaluminum complexes. 
Data indicated that this will be a topic for future 
studies in the area.
CONCLUSIONS
1. Aluminum was complexed by the decomposition products of 
leaves. These decomposition products have been shown to 
increase the pH and increase the buffer capacity of 
distilled water. However, even after readjusting the pH 
these d e c o m p o s i t i o n  products c omplex the dissolved 
aluminum which should reduce aluminum toxicity.
2. Aluminum NMR indicated that oak leaf decomposition 
products complexed thirty one percent of the aluminum ion 
present.
3. Pecan leaf decomposition products complexed twenty two 
percent of the aluminum ion present. Of the leaves tested 
pecan was the least effective in complexing aluminum.
4. Cypress leaf decomposition products complexed thirty 
eight percent of the aluminum ion present. As stated
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previously cypress leaves provide considerable buffering 
ability to water, this alone would reduce the toxicity of 
aluminum in suspension or solution. In addition, the 
decomposition products complex the aluminum ion and should 
reduce toxicity.
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CHAPTER FOUR
SPECIATION OF' ALUMINUM BY ION CHROMATOGRAPHY AND 
ATOMIC ABSORPTION
INTRODUCTION
The chemistry of aluminum in synthetic aqueous 
solutions has been explored by a number of researchers. 
At alkaline pH's the predominate species is AltOH)^- 161f 
whereas below pH 4.0 the trivalent aquo ion A l 3 + 
predominates167,168. However in the pH range of 4 to 7 
there exists little information and less agreement as to 
which species are predominant, even in synthetic solutions 
with no added ligands. Thus the characteristics of 
a l u m i n u m  are such that its speciation presents a 
formidable challenge.
Chelex 100
Chelating ion-exchange resins, such as Chelex-100 
have been used by a n u m b e r  of researchers for the 
preconcentration of trace metals from natural water 
samples 1 8 3 ’1 8 4 '185 . However it was observed that the 
uptake of trace metals is incomplete under conditions 
favorable for the rapid uptake of free trace metal 
ions186,187. Apparently significant fractions of many of 
the trace metals found in these samples exist in forms 
which render them inert to the column exchange reactions.
Chelex - 100 is a styrene divinylbenzene copolymer 
with iminodiacetate functional groups and the selectivity
205
of Chelex - 100 for metals corresponds to those of
iminodiacetic acid. Thus Chelex-100 shows unusually high 
preference for copper, aluminum and other heavy metals 
over such cations such as sodium, pota s s i u m  and 
calcium188.
Chelex-100 has also been used to characterize soluble 
metal complexes, and to characterize complexing agents in 
n a t u r a l  w a t e r s .  In 1982 L. L. H e n d r i c k s o n  and 
coworkers189 used Chelex-100 to characterize the soluble 
metal complexes of Zn and Cd. Stolzberg and Rosin190 used 
the sodium form of the resin to study the effect of 
nitrilotriacetic acid (NTA) and ethylenediaminetetracetic 
acid (EDTA) on the uptake of trace metals.
Chelex-100 was used to speciate trace metals in 
water. Figura and McDuffie191 used the calcium form of the 
resin to study the speciation of cadmium, lead, copper and 
zinc in seawater. Significant fraction of these metals 
exists in a form which is not retained by the resin. They 
also developed a procedure for the determination of labile 
trace metal fractions in aqueous media and compared the 
results with anodic stripping voltammetry. Using the 
m o d e l  l i g a n d s  n i t r i l o t r i a c e t i c  a c i d  (NTA), 
ethylenediaminetetracetic acid (EDTA), glycine, and humic 
acid, they found that the fractions measured by anodic 
stripping voltammetry were generally smaller than the 
fractions determined using Chelex-100. Using a packed
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column of the resin the contact time of the sample with 
the resin was on the order of 6 to 9 seconds whereas the 
time scale of the anodic stripping is on the order of 2 x 
10-3 seconds. Thus the Chelex-column labile fraction may 
include some metal characterized "nonlabile" by DPASV 
method.
Reasons for this Study
Chelex-100 can be used to determine the labile and 
non-labile metal fractions in aqueous solutions. In this 
study a batch technique was used over a packed column to 
control more precisely resin-sample contact time. We 
could also use this method to determine very labile, 
s l o w l y  labile and non-labile fractions in aqueous 
solvents. Very labile complexes exchange very rapidly 
(less than 20 minutes) with the resin, and may include 
Al3 + ion, and monomeric hydroxy complexes. Moderately 
labile complexes exchange in 20 to 60 minutes and may 
include polymeric forms of aluminum and labile aluminum 
leafwater complexes. Aluminum associated with organic 
matter exchanges very slowly, no measurable exchange could 
be detected even after 2 hours of resin sample contact 
time. On this basis Chelex-100 was used to determine the 
a l u m i n u m  c o m p l e x i n g  ability of leaf d e c o m p o s i t i o n  
products.
Aluminum associated with organic matter is not toxic 
to plants in soil. It has also been observed that
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organoaluminum complexes are less toxic to fish than 
inorganic aluminum. Liming of acidified lakes has been 
used to increase the pH and to reduce a l u m i n u m  
concentrations, however the long term effects are unknown. 
Dissolved organic carbon from the decomposition products 
of leaves and aquatic matter has been the environments 
method of mitigating the toxic effects of aluminum. 
Studies on the factors that affect aluminum toxicity would 
be very valuable in f o r m u l a t i n g  a solution for the 
protection of aquatic life.
EXPERIMENTAL
Apparatus
Atomic Absorption Spectrometer 
A Perkin Elmer Atomic Absorption Spectrometer Model 
403 with electrothermal atomization was used for atomic 
absorption analysis. This instrument was described 
previously.
Total Organic Carbon Analysis 
Total organic carbon was determined on a Beckman 
Model 865 Total Organic Carbon Analyzer. Results of the 
a n a l y s e s  w e r e  r e c o r d e d  on a B e c k m a n  ten inch 
potentiometric recorder. A schematic diagram of the 
instrument is given in figure 53. The analyzer was 
equipped for the determination of (1) Total carbon and (2) 
inorganic carbon. The two analyses are performed on
FIGURE
T o t a l  C a r b o n  
C h a n n e l
I n o r g a n i c  C a r b o n  
C h a n n e l  .
R e c o r d e r
53 T O T A L  O R G A N IC  CA R BO N  A N A L Y Z E R
N O T E  I A S A M P L E  IS I N J E C T E D  INT O  B O T H  
COL UM NS ,  T O T A L  O R G A N I C  C A R B O N  IS 
D E T E R M I N E D  BY S U B T R A C T I N G  I N O R G A N I C  
C A R B O N  F R O M  T H E  T O T A L  CARBON,,
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successive identical samples and the total organic carbon 
was the difference between the two values. Both analyses 
were based on conversion of sample carbon into carbon 
dioxide for measurement by a non-dispersive infrared 
analyzer. The principal difference between operating 
parameters for the two channels involve the reaction-tube 
packing material and temperature. In the total carbon 
channel, a ceramic combustion tube containing cobalt oxide 
deposited on an inert igneous substrate was heated to 
9 5 0 ° C . The oxygen in the carrier, the elevated 
temperature, and the catalytic effect of the packing 
resulted in .oxidation of both organic and inorganic 
carbonaceous material to COg and steam. In the inorganic 
carbon channel, a glass tube containing quartz chips 
wetted with 85& phosphoric acid was heated to 150°C. The 
acid liberates CO2 and steam from inorganic carbonates. 
The operating temperature was sufficiently high for the 
desired reaction, but was substan t i a l l y  b e l o w  that 
required to oxidize organic matter.
Chem icals and Solutions 
Alum inum Standards
Aluminum standards were prepared from the sulfate 
salt obtained from Aldrich Chemical Co. Standards were 
prepared In 2% peroxide and lfc nitric acid. Standard were 
checked by comparison with a commercially prepared 1000 
ppm aluminum standard from Baker.
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Dilute standards were prepared daily for quantitative 
work. The stock solution was diluted with an aqueous 
solution of 2% peroxide to prevent carbide formation 
during atomization and 1% nitric acid to prevent loss of 
alumunum during ashing.
Preparation of the Ion Exchange Resin 
Chelex-100 was supplied in the sodium form by Bio-Rad 
laboratories (100-200 mesh), The resin was mixed with 
distilled deionized water and allowed to equilibrate for 
several days. The resin was then first converted to the 
hydrogen form by elution with 2 bed volumes IN HC1 and 
five (5) bed volumes of NaOH to give the sodium form. The 
resin was then converted to the calcium form by elution 
with two bed volumes of 2N calcium chloride. The calcium 
form was selected over the sodium form to minimize 
shrinking and swelling of the resin.
Preparation of Leafwater Samples 
Small samples of leafwater were passed through filter 
paper, this filtrate was discarded and 105 ml samples were 
then filtered. A five milliliter portion was then taken 
for total organic carbon (TOC ) analysis.
P r o c e d u r e
Aluminum in the samples was determined by a batch 
technique. Filtered leafwater samples were diluted with 
d i » t i ; ■ r d  deionized water to achieve the desired total 
rrqar.ic carbon (TOC) concentration. Aluminum sulfate was
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dissolved in distilled deionized water (DDW) to give a 
total aluminum concentration of 100 ppm. Aluminum was 
added to the leafwater sample to give the appropiate 
aluminum to TOC ratio. Samples were then allowed to 
equilibrate for one hour.
Ion Exchange
Ion exchangeable aluminum was determined by a batch 
technique. This procedure allowed precise control of 
sample resin contact time. Samples were transfered into 
250 ml polyethylene beakers and gently stirred on a 
magnetic stirrer. The total aluminum in the sample was 
then determined by atomic absorption. The resin was then 
added to the leafwater aluminum solution and the timer 
started. At appropriate time intervals the stirring was 
stopped momentarily, the resin allowed to settle about a 
minute and 0.5 ml aliquot of the sample removed. Care was 
taken not to remove any of the resiri. The aluminum 
concentration remaining in solution was then determined. 
The measured value corresponded to non~exchanged aluminum. 
The c o n c e n t r a t i o n  of the exchanged {n o n - c o m p 1e x e d ) 
aluminum was determined by subtraction of the measured 
value from the total.
Atomic Absorption Analysis
Aluminum concentration were determined by injecting 
10 ul of samples and standards. The determination of the 
optimum drying, charring and atomization times and
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temperatures gave the following conditions:
Time Temperature
Dry 20 sec 150°C
Char 60 sec 1500°C
Atomize 7 sec 2600°C
RESULTS AND DISCUSSION
The results of the interaction of leaf decomposition 
products with aluminum £ figures 54 - 56] showed that the 
amount of aluminum complexed was dependent upon the type 
of leaf and the concen t r a t i o n  of d i ssolved organic 
carbon. When no leafwater was added 953j of the aluminum 
had exchanged with the resin within the first 20 minutes.
Pine leafwater [figure 54] had the greatest fraction 
of exchangable aluminum per gram of dissolved organic 
carbon [DOC]. That is, pine leafwater had the least 
ability to complex the aluminum and render it inert to the 
resin. Even when the concentration of the dissolved 
organic carbon was increased 10 fold over the aluminum 
concentration, more than 509s of the aluminum was still 
available to the resin.
The oak leafwater [figure 55] doubled the amount of 
aluminum complexed for the dissolved organic carbon to 
aluminum [DOC to A 1 ] ratios of [5 to 1] and [10 to 1].
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TABLE 10
INTERACTION OF PINE LEAFWATER WITH ALUMINUM
TIME % NON-EXCHANGED ALUMINUM
minutes [TOC:A1] 
1 to 1
[T0C:A1] 
5 to 1
[TOC:Al] 
10 to 1
0 100 100 100
5 34 57 78
10 7 50 70
15 3 37 —
20 0 25 63
25 17 —
30 12 46
40 11 39
60 10 32
90 10 32
Aluminum was added to the leafwater as A12 (S04 )3 .
The concentration of aluminum used was lppm and the 
concentration of the leafwater was varied accordingly. 
Thus for a ratio of [T0C:A1] 5 to 1, samples were made 
5mg/L total organic carbon.
Note: The concentration of the non-exchange aluminum
corresponds to the concentration of aluminum that was 
organically bound. As the concentration of the organic 
material present increases, the amount of aluminum that is 
unavailable to the resin increases.
2 1 4
PI HE
E5
o
so
t o c : a l  
10 TO 1
2 1
«c
0
3DC
CONTACT TIKE <h i h )
FIGURE 54 INTERACTION OF PINE LEAFWATER AND ALUMINUM
v cte: Ionic aluminum is removed by the Chelex
resin leaving aluminum complexed by the leaf 
decomposition products in solution. In the pine 
study large amounts of aluminum were removed.
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TABLE 11
INTERACTION OF OAK LEAFWATER WITH ALUMINUM 
TIME % NON-EXCHANGED ALUMINUM
minutes [TOC:A1] 
1 to 1
[TOC:Al] 
5 to 1
[T0C.-A1] 
10 to 1
0 100 100 100
10 34 53 84
20 26 42 81
30 16 41 76
45 3 27 71
60 1 25 69
75 25 69
90 25 69
105 25 69
120 25 69
Aluminum was added to the leafwater as A12 (S04 )3 .
The concentration of aluminum used was Ippm and the 
concentration of the leafwater was varied accordingly. 
Thus for a ratio of [T0C:A1] 5 to 1, samples were made 
5mg/L total organic carbon.
Note: The concentration of the non-exchange aluminum
corresponds to the concentration of aluminum that was 
organically bound. As the concentration of the organic 
material present increases, the amount of aluminum that is 
unavailable to the resin increases.
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FIGURE 55 INTERACTION OF OAK LEAFWATER AND ALUMINUM
Notes Ionic aluminum is removed by the Chelex 
resin leaving aluminum complexed by the leaf 
decomposition products in solution.
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TABLE 12
INTERACTION OF CYPRESS LEAFWATER WITH ALUMINUM
TIME % NON-EXCHANGED ALUMINUM
minutes [TOC:AI] [TOC:Al] [TOC:Al]
1 to 1 5 to 1 10 to 1
0 100 100 100
10 10 76 91
20 5 56 81
30 5 - 4 0  76
40 5 30 70
50 5 29 68
60 5 27 66
75 5 27 66
90 5 27 66
105 5 27 66
120 5 27 66
Aluminum was added to the leafwater as A12 (804)3 .
The concentration of aluminum used was lppm and the 
concentration of the leafwater was varied accordingly. 
Thus for a ratio of [T0C:A1] 5 to 1, samples were made 
5rag/L total organic carbon.
Note: The concentration of the non-exchange aluminum
corresponds to the concentration of aluminum that was 
organically bound. As the concentration of the organic 
material present increases, the amount of aluminum that is 
unavailable to the resin increases.
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FIGURE 56 INTERACTION OF CYPRESS LEAFWATER AND ALUMINUM 
Note: Ionic aluminum is removed by the Chelex
resin leaving aluminum complexed by the leaf 
decomposition products in solution. In the 
cypress, even at the lowest ratio tested there 
remained some aluminum in solution.
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Thus, oak leafwater had a much greater ability to complex 
aluminum than did pine leafwater.
The cypress leafwater [figure 56] at the lowest ratio 
tested [1 to 1 ] s h o w e d  that a small but measurable 
fraction of the aluminum remained in solution. Increasing 
the concentration of dissolved organic carbon to 20 times 
the aluminum concentration rendered all of the aluminum 
unavailable to the resin. Thus, cypress leafwater 
decomposition products were able to complex more aluminum 
per gram of TOC than other leaves tested.
CONCLUSIONS
1 . The amount of aluminum complexed depended on the type 
of leafwater and the concentration of dissolved organic 
carbon.
2. Pine leafwater had the least fraction of complexed 
aluminum per gram of total organic carbon.
3. Oak leafwater had a greater capacity to complex 
aluminum than pine, but was less than cypress.
4. Cypress leafwater largest capacity for complexing 
aluminum. Further study to d e t e r m i n e  the organic 
compounds responsible for complexing the aluminum could 
lead to better and more rapid environmental control of 
acldlflcatIon.
All the leaves tested complexed aluminum ion showing a 
beneficial effect by detoxifying aluminum in solution.
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However, some leaves were more effective than others. A
more extensive study to determine the identification of 
the organic compound causing complexation of aluminum 
w ould help select the most useful c o m p o u n d  for 
environmental control.
221
CHAPTER FIVE 
EFFECT OF LEAFWATER ON ALUMINUM TOXICITY
INTRODUCTION
Acid rain has become an environmental problem in the 
United States126,127. It is a ubiquitous pollutant that 
kills fish and other forms of aquatic life.
Along with the increase in acidity, an increase in 
the geochemical mobility of many metal ions has occurred. 
One of the most significant metals affecting our 
environment today is aluminum. Aluminum concentrations in 
watersheds have been increasing as the accompaning pH 
decreases. The chemical form, not total a l u m i n u m  
concentration, determines the toxicity of aluminum. For 
example, organically bound aluminum is not as toxic as 
inorganic aluminum.
High organic matter has been observed to mitigate the 
toxic effects of aluminum in soils76. Dissolved and 
adsorbed organic matter can alter the geochemical mobility 
of metal ions192,193,194. Organic matter adsorbed into 
sediments can sequester metal ions that are in solution 
and the dissolved organic matter can then release metal 
ions that had been adsorbed onto the sediments.
Previous studies done on the interaction of aluminum 
and the decomposition products of leaves have indicated an 
interaction between the aluminum and the organic matter.
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Reasons for this Study
Previous studies have shown that aluminum has a toxic 
synergistic effect on golden shiners at pH 4.5 and pH 5.0. 
Subsequent studies on the interaction of aluminum and the 
d e c o m p o s i t i o n  products of leaves have indicated an 
interaction between aluminum and leaf decomposition 
products and that the decomposition products complex 
aluminum ions. However, the stability of these complexes 
are unknown, and the effects of these c o mplexes on 
aluminum toxicity are not known. Of great interest was 
the pursuit of the u n k n o w n  effect of d e c o m p o s i t i o n  
products on aluminum toxicity. The purpose of this study 
to d e t e r m i n e  if the o r g a n i c  m a t e r i a l  f r o m  the 
decomposition of leaves mitigates the toxic synergistic 
effect of aluminum that was observed at pH 4.5 and pH 5.0. 
Also of interest 'fas the attempt to determine which, if 
any, of the leaves w ould best reduce the a l u m i n u m  
toxicity.
EXPERIMENTAL
Apparatus
pH Meter
The pH of the tanks was measured using a Beckman 
combination pH electrode #39820 and a Beckman Chem-mate pH 
meter. The pH meter was calibrated daily at pH 4.0 using 
a buffered standard. To check the accuracy and proper 
operation of the pH meter, the response of the system was
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checked using buffers of pH 7.0 and pH 10.0. The pH meter 
always read pH 7.0 in the 7.0 buffer solution and was 
never more then a tenth of a pH unit off at pH 10.0.
The electrode was throughly rinsed with distilled 
dionized water between each pH measurement until a 
constant pH value was reached to ensure the complete 
removal of all buffer solution.
As in previous studies, the fish, commonly known as 
golden shiners (Notemigonus crystoleucas), used in this 
experiment were purchased locally. The fish purchased for 
this experiment were noticebly larger than the fish 
purchased for the earlier experiments. See part two, 
chapter one for a full description of the arrangement and 
maintenance of fish tanks.
Chem icals and Solutions
All chemicals used in this study were ACS Reagent 
Grade. Unless otherwise indicated all solutions were 
prepared with distilled deionized water. Acids and bases 
used were previously described.
Aluminum sulfate [A12(S04)3 ] (Baker Chemical Co.)
pH Buffer Solutions (pH 4, pH 7, and pH 10). (Baker 
Chemical).
Procedure
The set up and m a i n t e n a n c e  of the aquaria was 
described previously (chapter one). In addition the fish 
used in this experiment were maintained in stabilization
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aquaria as previously described for at least two weeks.
Control Tanks
Tw e n t y  fish were also transfered into a tank 
containing tap water and a small amount (0.5g) of sodium 
chloride. These fish were transfered into this tank in the 
same manner used for the experimental tanks. The use of 
a control minimizes the possibility of erronious results 
w h i c h  may occur w h e n  live a nimals are used for 
experimental purposes.
Experimental Aquaria
Aluminum was added to the tanks as A 12 (S0 4 )3 . The 
salt was first dissolved in approximately 300 ml of 
distilled water and the solution was then quantitatively 
transfered to the fish tank. The pH of the water adjusted 
with 0.5 N NaOH over about a one hour period with stirring 
to avoid high local concentration of the acid. The 
leafwater was filtered as previously described and four 
liters of the leafwater was then added to each tank, and 
the pH readjusted. The tanks were allowed to equilibrate 
for twenty four hours, after which time twenty fish placed 
in each tank.
The tanks were monitored daily. The water volume of 
the tank was maintained at seven gallons, twenty percent 
of the water in each tank was changed every two weeks.
The number of dead fish was recorded daily or hourly 
as necessary.
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Initially the effect of leaf decomposition products 
on aluminum toxicity at pH 4.5 and 100 ppm aluminum was 
chosen because it produced the highest death rate, and was 
the most severe condition tested. It represented a worst 
case test study of the interaction of aluminum with the 
decomposition products of leaves.
The experimental aquaria were set up as follows:
Tank 1: pH 4.5; 100 ppm aluminum
Tank 2: Pine leafwater and pH 4.5; 100 ppm aluminum
Tank 3: Cypress leafwater and pH 4.5; 100 ppm aluminum 
Tank 4: Oak leafwater and pH 4.5; 100 ppm aluminum
Tank 5: Control (no aluminum added, pH not adjusted) 
Previous studies indicated a toxic synergistic effect 
between aluminum and acidity at pH 5.0. Other research 
has shown that at pH 5.0 some aquatic life begins to be 
affected. For these reasons pH 5.0 was chosen for the 
next study. The aluminum concentration of 100 ppm was 
chosen to minimize the number of variables in this test 
and It more closely approximates aluminum concentrations 
found in the environment. 
pH 5.0 100 ppm A1
Tank 1: pH 5.0 and 100 ppm aluminum 
Tank 2: Pine leafwater and pH 5.0 100 ppm aluminum 
Tank 3: Cypress leafwater and pH 5.0 100 ppm aluminum 
Tank 4: Willow leafwater and pH 5.0 100 ppm aluminum 
Tank 5: Control (no aluminum added, pH not adjusted)
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RESULTS AND DISCUSSION
All tanks showed a daily increase in pH of 0.7 to 0.9 
pH unit. The pH was readjusted with 0.1 M H2SO4 to 4.5 or
5.0, as required per experiment. The experimental aquaria 
were monitored over a period of six weeks.
Effect of Leafwater on Aluminum Toxicity at pH 4.5 
At pH 4.5 and 100 ppm aluminum [figure 57] all fish 
died in four to ten hours. With no aluminum present and 
pH 4.5 they lived about two weeks. The addition of three 
different types of leafwater to 100 ppm aluminum and pH 
4.5, did not have any effect on the toxicity of this 
combination of acidity and aluminum on golden shiners. 
The fish in all the tanks at pH 4.5 100 ppm aluminum and 
leafwater died in four to sixteen hours. The data in this 
study indicated that leafwater did not mitigate the 
toxicity of this combination of aluminum and acidity. 
Previous studies have shown fish can survive pH 4.5 for 
approximately two weeks. However they cannot survive for 
more than a day at 100 ppm aluminum and pH 4.5, with or 
without leafwater present. There were no deaths in the 
control tank.
Effect of Leafwater on Aluminum Toxicity at pH 5.0 
The results are shown in figure 58, At pH 5.0 and 
100 ppm aluminum twelve of the twenty fish were dead in 
six weeks. Thus at pH 5.0 and 100 ppm aluminum sixty 
percent of the fish could not survive these conditions.
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FIGURE 57 EFFECT OF LEAFWATER ON ALUMINUM TOXICITY AT pH 4.5 
Notes At pH 4.5 and 100 ppm aluminum all fish died 
rapidly with or without leafwater present. 2
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At pH 5.0 and 100 ppm aluminum in the presence 
of leafwater the death rate was lower.
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In pine leafwater the number of fish dead decreased 
to seven in the same time period. Thus in pine leafwater 
thirty five percent of the fish could not survive pH 5.0 
and 100 ppm aluminum. Of the leaves tested the pine 
leafwater had the least effect on aluminum toxicity. 
Studies using Chelex-100 indicated that pine leafwater had 
the least ability of the leaves tested to c o mplex  
aluminum. Thus it is not surprising that this leafwater 
has the least ability to mitigate the toxic effects of pH 
5.0 and 100 ppm aluminum on golden shiners.
Previous studies by other researchers in this 
laboratory indicated that the adsorption of aluminum on 
willow leaves was greater than the other leaves tested in 
the range of pH 4 to pH 6 . Based on these studies willow 
was chosen as a possible leaf which might mitigate the 
toxic effects of 100 ppm aluminum at pH 5.0. In the 
presence of willow leafwater and 100 ppm aluminum pH 5.0, 
six of the twenty fish died during the experiment. Thus 
thirty percent of the fish could not survive 100 ppm 
aluminum and willow leafwater at pH 5.0.
Previous studies on cypress leafwater indicated that, 
of the leaves tested, it had the greatest ability to 
complex aluminum. It was believed that cypress leafwater 
should have the greatest ability to complex the toxic 
forms of aluminum present and mitigate the toxicity of 
a l u m i n u m  on golden shiners. This is also what we
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observed. At 100 ppm aluminum and pH 5.0 in the presence 
of cypress leafwater fifteen fish survived the experiment. 
Thus seventy five percent of the fish in this tank, 
survived pH 5.0 and 100 ppm aluminum in the presence of 
cypress leafwater. This was more than half of the number 
of fish that survived with no leafwater present.
At pH 5.0 and 100 ppm a l u m i n u m  the addition of 
leafwater to the experimental tanks mitigated the toxic 
effects of aluminum on golden shiners. These data merit 
further research in this area to determine which compounds 
in the leafwater mitigate the toxicity of aluminum at pH
5.0, and which of the compounds present best buffers 
against the increase in acidity. It may be possible that 
nature has provided Louisiana with unique protection 
against acid rain in the cypress trees that gracefully 
line the banks of the rivers and streams, depositing their 
leaf litter into the waters daily.
CONCLUSIONS
1. The decomposition products of leaves were observed to 
mitigate the toxic effect of aluminum on golden shiners at 
pH 5.0
2. The order of effectiveness in reducing toxicity in 
this study was cypress > willow > pine. More work could 
be done to dete r m i n e  the statistical variance and 
significance. They all appear to have approximately the
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same ability to mitigate the toxic synergistic effect of 
100 ppm aluminum and pH 5.0.
3. The decomposition products of leaves had no effect on 
aluminum toxicity at pH 4.5.
4. Decaying leaves increase the buffer capacity of water 
and provide some protection to acidity, in addition even 
at lower pHs the leaf decomposition products complex 
aluminum ion and reduce its toxicity.
5. Further studies to determine the organic compound 
present in leafwater which complexes aluminum may lead to 
the formulation of a solution to the problem of aluminum 
toxicity in acidic lakes.
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OVERALL CONCLUSIONS
The results obtained in this investigation showed:
-1. There is a synergistic toxic effect between aluminum 
and pH. At pH levels above 5.5 the fish survived 
irrespective of the aluminum concentration. However, at 
pH 5.0 and 4.5 the presence of a l u m i n u m  increased 
the death rate. At pH 4.5, without aluminum present, the 
fish did not survive.
2. The presence of decaying leaves had several effects on 
the toxicity of pH and aluminum:
a. With time, the pH was increased to about 6 (safe 
range).
b. The b u f f e r  c a p a c i t y  of w a t e r  w a s  i n c r e a s e d  
significantly thus protecting aquatic life.
c. At constant pH, the toxic effect of aluminum on fish 
was significantly decreased presumably by complexing the 
aluminum and creating a non-toxic chemical form.
d. The effect of the leaves varied with leaf species. 
More work on each of these conclusions needs to be done to 
understand the chemical processes involved. This may 
produce a natural buffering agent or complexing agent 
capable of p r oviding p r o t e c t i o n  to our lakes and 
waterways.
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